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IHTRODOCTION 

Upon  embarking  on  the  project,  it  was  known  that  BoNT  type  A 
when  applied  externally  inhibits  acetylcholine  (ACh)  release  almost 
exclusively  in  the  peripheral  nervous  system  (reviewed  by  Dolly  et 
al . .  1986) .  Accordingly,  saturable  binding  of  ^^®I-labelled  BoNT  A 
or  B  to  ecto-acceptors  followed  by  internalization  could  be  observed 
autoradiographically  on  cholinergic  but  not  other  nerve  types  (Black 
and  Dolly,  1986,  1986a,  1987;  Evans  et  al . .  1988).  However,  the 
relevance  of  such  an  effective  uptake  system  remained  unsubstantia¬ 
ted  because  there  was  no  direct  evidence  then  for  an  j.ntra-neuronal 
action  of  the  toxin,  though  deductions  drawn  from  pharmacological 
studies  at  the  neuromuscular  junction  favoured  this  (reviewed  by 
Simpson,  1986) .  Moreover,  the  latter  seemed  to  underlie  the  suscep¬ 
tibility  of  peripheral  cholinergic  neurons  to  BoNT  since  it  reduces 
Ca^'''-dependent  efflux  of  ACh  and  several  other  transmitters  from 
brain  synaptosomes  (reviewed  by  Dolly  al . .  1987,  1988),  provided 
high  concentrations  are  employed  to  overcome  the  lack  of  an  effi¬ 
cient  uptake;  also,  this  could  explain  the  low.  toxicity  of  BoNT  when 
applied  directly  into  brain  (Williams  e£  al. .  1983^ .  Regarding 
identity  of  functional  domains  in  the  toxin  concerned  with  target- 
ting/intemalization,  electron-microscopy  studies  at  motor  nerve 
terminals  revealed  that  isolated  HC  could  prevent  the  binding  atid 
subsequent  uptake  of  ^^®I-BoNT  A  (Black  and  Dolly,  1986a),  albeit  at 
relatively  high  concentrations,  in  contrast,  there  were  reports  of 
HC  blocking  BoNT  binding  to  cerebrocortical  synaptosomes  wite  equal 
efficacy  to  the  Intact  molecule  (Kozakl,  1979;  Williams  al. . 
1983).  Notably,  the  C-termlnail  half  of  HC  (Hj^  fragment)  contributes 
to  this  interaction  with  acceptor  sites  because  the  proteolytically- 
prepared  H2D  fragment  (intact  toxin  minus  is  unable  to  antago¬ 
nise  binding. of  ^^^I-BoNT  A  to  brain  synaptosomes  (Shone  s£  al. . 
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1985) .  Furthermore,  the  abilities  of  HC  or  its  M-terminal  moiety 
(Hj  fragment)  to  form  pores  in  artificial  membranes, implicated  part 
of  this  chain  in  the  uptake  step  (Donovan  and  Middlebrook,  1986) . 

In  view  of  such  encouraging  findings  with  these  various  experi¬ 
mental  systems,  it  was  imperative  to  ascertain  if  all  the  toxin 
fragments  exhibit  the  same  pattern  of  activities  on  cholinergic 
nerve  terminals  and,  particularly,  whether  the  binding  and  uptake 
phenomena  observed  in  vitro  underlie  the  intoxication.  Thus,  a 
neuromuscular  junction  preparation,  the  prime  target  of  BoNT,  was 
used  to  quantify  the  abilities  of  the  toxin's  chains  and  available 
fragments  (alone  and  in  combination)  to  block  nerve-evoked  twitch 
tension  or  to  antagonise  the  neuroparalytic  effect  of  the  intact 
toxin.  Additionally,  the  samples  were  tested  on  large  neurons  in 
Aplvsia  ganglia  because  these  offered  major  advantages  for  investi¬ 
gating  the  binding,  uptake  and  intracellular  action  in  that  toxin 
could  be  applied  externally  and/or  internally  to  cholinergic  (or 
non-choliner<-  j)  cells  with  electrophysiological  recording  of  evoked 
quantal  release  of  transmitters.  To  allow  comparative  investiga¬ 
tions  of  the  toxin's  intracellular  action  in  mammalian-derived 

I 

cells,  effects  of  the  toxin  preparations  on  Ca^'^'-induced  release  of 
noradrenaline  from  cultured  pheochromocytoma  .(PC12)  cells  were 
monitorec  after'  controlled  permeabilisation  of  the  cells  with  di- 
gltonin,  under  conditions  that  preserve  the  exocytosls  process.  As 
a  more  iceal  system  was  desirable,  liposomal  targetting  was  de¬ 
veloped  1.0  allow  toxin/ fragments  to  be  delivered  inside  mouse  motor 
nerve  endings.  A  major  attraction  of  these  experimental  systems  was 
that  the)’  could  bu  expl  ited  in  assessing  anti-toxin  monoclonal 
antibodies  being  prepared  for  ability  to  neutralise  the  intracellu¬ 
lar  intoxication  step. 


2 


with  respect  to  elucidating  the  toxin's  molecular  action,  there 
was  intense  speculation  that  BoNT  enzymatically  inactivates , its 
pharmacological  target,  like  some  other  microbial  toxins.  As  ADP- 
ribosylatiort  of  neuronal  proteins  were  observed  by  others  with 
impure  preparations  of  type  D,  a  further  search  was  carried  out  for 
such  activity  in  homogeneous  preparations  of  BoNT  A  and  B  towards 
nerve  terminal  components.  In  particular,  a  detailed  comparison  of 
the  latter  with  type  D  was  conducted;  this  demonstrated  that  the 
supposed  enzymatic  activity  of  BoNT  D  is  not  related  to  its  inhibi¬ 
tion  of  transmitter  release  (detailed  in  midterm  report,  Ashton  et 
al . ■  1990) .  In  this  context,  whilst  types  A  and  B  lack  such  ADP- 
ribosyl  transferase  activity,  it  also  seemed  relevant  to  establish 
if  the  ADP-ribosylated  protein  occurred  in  synaptic  vesicles  where 
it  could  function  in  transmitter  release.  Finally,  due  to  the 
definite  involvement  of  phosphorylation/dephosphorylation  of  neuron¬ 
al  proteins  in  regulation  of  transmitter  release  (Llinas  efe  al. . 
1985) ,  possible  effects  of  BoNT  on  the  direct  phosphorylation  in 
vitro  or  on  the  phosphorylated  state  In  situ  jf  proteins  in  vesicles 
isolated  from  rat  brain  were  evaluated. 


EZPERIKENTAL  PROTOCOLS 

Reduction  and  alkylation  of  BoNT^  Type  A  BoNT  was  incubated  with  50 
mN  dithiothreitol  (DTT)  in  50  mM  Tris/150  mM  NaCl,  pH  8.0  buffer  for 
60  min  at  37*C;  the  suitability  of  these  conditions  for  yielding 
complete  cleavage  of  the  inter-chain  disulphide  was  assessed  by 
sodium  dodecyl  sulphate  polyacrylamide  gel  electrophoresis  (PAGE), 
Native  and  reduced  toxin  (as  above)  were  alkylated  by  treatment  with 
250  mM  iodoacetamide  for  15  min  at  room  temperature  in  the  dark. 
Ellman's  reaction  was  used  to  determine  free  sulphydryl  content  of 
various  BoNT  samples  treated  by  (a)  alkylation  without  prior  reduc- 
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t'ion;  (b)  reduction  without  alkylation  and  (c)  alkylation  after 
reduction.  For  this  procedure,  BoNT  samples  (130  ^g/sample) ' were 
precipitated  using  trichloracetic  acid  (TCA)  (6.5%  final  concentra¬ 
tion)  and  resolubilized  in  0.8  ml  of  buffer  containing  50  mM  Tris- 
glycine,  1  mM  EDTA,  2.6%  SDS,  pH  8.0.  The  protein  concentration  of 
each  sample  was  determinod  spectrophotometrically  at  280  nm  using 
the  established  extinction  coefficient  of  1.47  for  a  1  mg/ml  solu¬ 
tion.  Thiols  were  then  assayed  by  measuring  at:>orbance  at  412  nm  (e 
=•  14150/M/cm)  exactly  10  min  after  the  addition  af  30  nl  of  dithio- 
nitrobenzene  (stock  5  mg/ml) ;  a  blank  was  treated  similarly  except 
0.8  ml  of  solubilization  buffer  was  used  instead  of  toxin  solution. 
For  competition  experiments,  the  reduced  and  alkylated  toxins  were 
centrifuged  to  remove  any  insoluble  material  and  dialysed  into  a 
modified  Krebs-Ringer  medium  containing  0.5  mM  Ca^'*’  and  5  mM  Mg^'*' 
(Haisey  al . .  1988) .  Left  phrenic-nerve  hemi-diaphragms  were 
dissected  from  Balb  C  mice  and  transferred  immediately  to  a  closed 
circulating  superfuaion  system  containing  15  ml  of  aerated 
Krebs/Ringer  solution  maintained  at  37 ’C,  Nerve-evoked  muscle 
tension  was  measured  against  time  as  described  previously  (midterm 
report;  Maisey  et  al . .  1988). 

Preparation  5I  liposomes  entrapping  BoNT  h  L&  SOi  USj.  The  two  chains 
of  BoNT  A,  isolated  and  characterized  as  detailed  previously  (see 
midterm  report  and  Results  section) ,  were  renatured  by  dialysis  into 
118  mM  NaCl/lO  mM  Hepes,  pH  7.4  over  Sh  (with  3  changes)  at  4*C. 

BoNT  was  radioiodinated  to  a  high  specific  activity  («500  Cl/mmol) 
as  described  by  Williams  al. .  1983;  after  separation,  the  iodi- 
nated  LC  and  HC  gave  specific  activities  of  wioo  Ci/mmol  and  •>400 
Ci/mmol. respectively.  Liposomes  were  prepared  using  a  modification 
of  a  previously  described  method  (Dlmitriadis  ar.d  Butlers,  1979). 
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Chloroform  solution^  of  phosphatidyl  choline/cholesterol/phospuatid- 
dyl  serine  in  a  7:2:1  ratio  (w/w)  were  mixed  ai.d  dried  under  vacuvun. 
The  lipids  were  suspended  in  4ml  of  the  NaCl/Hepes  buffer  containing 
LC  or  HC  (0.25  mmol  lipid/Aimol  protein).  Trace  amounts  of  the 
respective  iodinated  chains  vjere  included  to  allow  '^prantitation  of 
their  subsequent  entrapment  by  liposomes.  The  lipid/protein  mix¬ 
tures  were  vortexed  repeatedly  over  30  min  at  4*C  before  sonicating 
for  1  min  with  an  MSE  probe  sonicator.  After  standing  for  30  min  at 
4’C,  the  mixtures  were  loaded  onto  a  Sephacryl  S200  HR  column  (2.5  x 
20  cm)  previously  equilibrated  in  the  KaCl/Hepes  buffer  at  4*C.  The 
liposome  peak  (6-8  ml)  was  detected  by  measuring  turbidity  (A^qq  ^j,) 
of  the  fractions  collected  and  the  protein  quantified  by  counting 
radioactivity.  The  pooled  liposome  peak  was  dialysed  over  14-16h  at 
4’C  into  Krebs-Ringar  solution.  Samples  were  aerated  (95%  02/5% 

CO2)  before  being  bath  applied  to  nerve-diaphragm  preparations  for 
measurement  of  their  affect  on  nerve-evoked  twitch  tension. 

Preparation  of  polvclonal  apd  monoclonal  antibodies.  LC  of  BoHT  A 
was  prepared  as  described  previously  except  that  in  preparations 
used  for  mice  immunisations,  an  added  chromatographic  step  was 
employed.  Minor  contaminating  amounts  of  HC  and  inuact  toxin,  not 
readily  detectable  by  silver  staining,  were  adsorbed  on  a  morio-Q 
Sepharose  column  equilibrated  with  40  lAH  phosphate  buffer,  pH  8.4/2 
M  urea/10  mM  OTT.  LC  was  recovered  in  the  void  volume  and,  after 
dialysis  against  phosphate  buffered  saline,  showed  greatly  reduced 
toxicity  (see  later) . 

Two  rabbits  were  immunised  lepeatediy  with  20-25  pg  of  LC, 
initially  intra-nodally  followed  at  2-3  weekly  intervals  with  subcu¬ 
taneous  boosts  at  multiple  sites  with  a  similar  amount  of  immunogen 
nixed  1:1  with  Freund's  incomplete  adjuvant.  Maximum  antibody 


•titres  were  maintained  by  3-4  monthly  sufccitaneous  boosts  of  20  fxg 
of  immunogen.  The  antibody  titre  from  one  of  the  rabbits  (312)  was 
consistently  higher  and,  thus,  used  preferably  in  subsequent  experi¬ 
ments. 

For  monoclonal  antibody  production,  Balb/C  mice  were  immunised 
with  1-5  fig  liC  either  bound  to  nitrocellulose  membranes  implanted 
subcutaneously  or  injected  intra-splenically  tfithouu  tne  use  of 
adjuvaiic.  This  was  followed  at  2-3  weeks'  intervals  with  3-4 
intra-peritonaal  injections  with  a  similar  amount  of  immunogen  mixed 
1:1  with  Freuiid's  incomplete  adjuvant.  When  antibody  titres  reached 
1:1000  to  1:5000,  final  booster  injections  of  3-5  jig,  without  adju¬ 
vant,  were  given  twice  daily,  intravenously  and  intra-peritoneally 
respectively,  on  the  5th,  4th  and  3rd  day  prior  to  thh  fusion.  The 
spleen  cells  were  fused  with  myeloma  NSO-1  cells  using  a  modifica¬ 
tion  of  the  standard  polyethylene  glycol  (PEG)  procedure  in  which 
the  cell  suspension  was  pre-treated  with  0.25%  PEG  and  incubated  at 
37*C  tor  90  min  prior  to  dropwise  addition  of  40%  PEG.  The  result¬ 
ing  hybrid  cells  werre  selected  using  Dulbecco's  modified  Eagle 
medium  containing  1  x  10”‘*M  hypoxanthine,  4  x  10~^M  aminopterin  and 
1.6  X  10“^M  thymidine  supplemented  with  20%  foetal  calf  serum, 
^tibody  production  by  the  hybridomas  was  screened  by  EL7  .  using 
alkaline  phosphatase-labelled  goat  anti-mouse  IgG  (and  by  doc  blot 
analysis) .  The  antibody-producing  cells  were  expanded  into  24-wells 
plates  and  subsequently  into  26  cm^  tissue  cultures  flasks  and, 
after  preliminary  ir.vestlgatiotis.  Were  selected  and  cloned  by  limit¬ 
ed  dilution.  Thereafter,  ascites  fluids  were  obtained  by  injecting 
intra-peritoneally  mora  than  10^  hybridomas  pells  into  nude  and 
Balb/0  mice  which  had  been  primed  with  incomplete  Fireund's  adjuvant. 
IgG  was  purified  from  the  ascitic  fluid  by  affinity  chromatography 
on  Protein  A  Sepharose.  The  pH  of  the  ascitic  fluid  was  adjusted  to 
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8.0  by  the  addition  of  Tris-HCl  to  a  final  concentration  of  100  in?t  I 

before  being  applied  onto  the  resin.  After  extensive  washing  of  the 
column  with  the  latter  buffer,  IgG  was  eluted  with  3  nM  KSCN  (in  100 
mM  Tris-HCl;  pH  8.0)  and  dialysed  into  Tris  buffer  saline  pH  7.4. 

The  subclass  of  the  antibody  was  determined  with  the  Ouchterlony 
double  immunodiffu.sion  tests  using  t''pe  specific  antisera. 

Detection  of  BoNT  B-induced  changes  in  synaptosomal  phosphorvlated 
proteins.  All  solutions  employed  in  these  experiments  contained  0.3 
mM  phenylmethylsulfonyl  fluoride,  a  protease  inhibitor,  because 
certain  phosphorylated  neuronal  proteins  ar6  extremely  sensitive  to 
proteolysis  (see  Delorenzo  et  al . .  1979).  For  the  same  reason,  the 
cetebral  cortex  from  each  individual  brain  was  dissected  and  homoge¬ 
nised  within  45  sec  of  cervical  dislocation  of  the  rat.  A  P2  prepa-  , 

i 

I 

ration  of  synaptosomes  was  then  made  (see  Ashton  and  Dolly,  1988a) , 
resuspended  in  a  physiological  buffer  and  incubated  for  90  min  with 
[^^P]-Pi  (at  a  concentration  of  0.2  mCi/ml)  in  the  presence  and 
absence  of  BoNT  B.  These  nerve  terminals  were  then  washed  in  Ca^"^- 
free  buffer  to  remove  excess  toxin  and  free  radioactivity  before 
being  exposed  to  a  Ca^‘*’-containing  buffer  that  affords  neurotrans¬ 
mitter  release,  a  condition  that  also  produces  changes  in  the  phbsp- 
horylated  state  of  certain  neuronal  proteins.  After  30s,  the  reac¬ 
tion  was  terminated  by  one  of  two  means.  For.  experiments  on  inLact 
synaptosomes,  a  cocktail  of  kinase/ohosphatase  inhibitors  in  10  mM 
Mes  pH  6.5  was  added  (the  final  concentrations  (mM)  of  ingredients 
were  10,  p-nitrophenylphos.;hate ;  20,  EDTA;  10,  Na,  /T-tartrate;  25, 
Na-pyrophosphate ;  ,  NaF;  10,  Na-orthovanadate]  followed  by  sedi¬ 

mentation  of  the  synaptosomes  at  9,000g  for  2  min  in  an  Eppendorf 
centrifuge^ prior  to  electrophoretic  analysis.  For  the  detection  of 
changes  in  phosphorylation  of  synaptic  vesicle  and  cytosolic  pro- 
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teins,  a  large  amount  of  radioiabelled  synaptosomes  (»8  mg  of  pro¬ 
tein)  was  mixed  1:1  with  a  5-fold  dilution  of  the  kinase/phosphatase 
inhibitor  cocktail.  These  samples  were  immediately  homogenised  and 
the  lysed  terminals  stirred  in  the  normal  inhibitor  cocktail  on  ice 
for  30  min  prior  to  isolation  of  synaptic  vesicles  by  differential 
centrifugation  (as  outlined  previously  in  Ashton  et  al . .  1988b). 

The  final  supernatant,  representing  synaptosomal  cytosol,  was  stored 
at  -80' C;  cytosolic  proteins  were  concentrated  from  this  fraction  by 
the  addition  of  TCA  (final  concentration  10%  v/v) .  The  protein 
precipitate  was  pelleted,  resuspended  in  TCA,  repelleted  before  two 
washes  in  acetone;  the  latter  was  removed  by  evaporation.  The  final 
pellets  of  synaptosomes,  synaptic  vesicles  or  TCA-precipitated 
cytosolic  proteins  were  then  solubilised  in  isoelectric  focussing 
buffer  and  stored  at  -80’C.  Prior  to  electrofocussing,  solid  urea 
was  added  to  a  final  concentration  of  9.5M  together  with  2%  (w/v) 
NP-40;  2%  (v/v)  ampholytes  pH  3-10  (2D  -  Pharmalyte) ;  5%  (v/v)  p- 
mercaptoethanol  and  0.15%  SDS.  These  radioiabelled  solubilised 
nerve  terminal  components  were  then  subjected  to  2D-PAGE,  by  the 
method  of  O' Farrell  (1975).  The  focussed  rod  gels  were  equilibrated 
for  i5  min  in  SDS-sample  buffer  (0.062M  Tris-HCl,  pH  6.8;  2%  SDS;  5% 
^-mercaptoethanol ;  10%  glycerol)  prior  to  SDS-PAGE  (3-10%  gradient 
gel)  in  the  second  dimension.  A  parallel  focussed  rod  gel  was 
chopped  into  0.5  cm  sections,  each  was  soaked  in  0.5  al  H2O,  and 
their  pH  measured  to  determine  the  pH  gradient.  Finally,  the  gels 
were  fixed,  stained  with  Coomassie  Blue,  dried  and  autoradiograms 
prepared  by  exposing  them  to  X-ray  film  with  intensifying  screens  at 
-80*c.  Appropriate  protein  standards  (see  figure  legend)  were  run 
on  a  separate  track  in  the  second  dimension  gel.  . 
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other  procedures .  All  methods  not  given  here  have  already  been 
detailed  in  the  midterm  report  and  in  our  publications  cited  in 
figure  legends. 

RESOLTS  AMD  THEIR  IMTERFRETATIOM 
For  ease  of  understanding,  our  findings  are  presented  in  four 
sections  under  headings  relating  directly  to  the  main  goals  of  the 
original  proposal.  As  the  outcome  of  experiments  determined  the 
precise  coarse  of  investigations,  numerous  facets  that  proved  fruit¬ 
ful  were  pursued  intensively  -  often  beyond  those  specified  initial¬ 
ly.  A  few  areas  Of  study  proposed  (eg.  isolation  and  functional 
characterization  of  fragment  of  BoNT)  proved  impractical  until 
recently;  however,  with  the  advent  of  new  methodologies  {eg. 
expression)  many  of  these  can  be  undertaken  in  the  new  contract. 
Following  the  recommended  f-rmat,  outcome  of  the  entire  contract 
effort  will  be  given;  such  a  complete  progress  report  is  possible  by 
extensive  reference  to  our  submitted  midterm  report  and  to  published 
papers  (reprints  all  appended)  allowing  emphasis  to  be  placed  herein 
on  the  second  eighteen  months'  work. 


iDteragtigp  ol  Bot»T  and  chains/fragments  with  neuronal  ecto- 
acceptors ;  some  comparisons  with  TeTX 

For  such  structure/acti’  ity  studies,  copious  amounts  of  BoNT 
types  A,  B,  E  and  F  were  purified,  proteolyt^cally  nicked  where 
necessary  (eg.  B  and  E)  and  the  two  chains  from  type  A  and  B  ob¬ 
tained  in  homogeneous  form,  together  with  H2b  and  from  BoNT  A,  by 
means  of  routine  procedures  established  here  (Maisey  sj;  al. .  1988; 
Poulain  fit  al . .  Z989a,b;  Wadsworth  fit  al. .  1990).  The  latter  are 
detailed  in  the  mid-term  report  along  with  the  evidence  of  purity 
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for  each  preparation;  also,  it  was  shown  therein  that  all  of  the 
chains  or  fragiaents  are  relatively  non-toxic  (alO^-fold  less  than 
BoNT)  in  mice  (Lolly  et  ax . .  1990) ,  though  renaturation  of  HC  and  LC 
together  reforms  di-chain  species  and  restores  much  of  the  toxicity 
(see  later;  reviewed  in  Dolly  et  al . .  1990).  For  evaluating  the 
functional  importance  of  the  toxin's  int.r-chain  disulphide,  con¬ 
trolled  reduction  of  BoNT  A,  and  alkylation  of  its  sulphydryls  was 
carried  out  as  detailed  in  Experimental  Protocols. 

Differences  in  the  properties  of  mammalian  peripheral  and  central 
neuronal  ecto-acceptors ■ for  BoNT.  For  investigating  the  toxins* 
neuronal  ecto-acceptors,  rat  cerebrocortical  synaptosomes  are  gener¬ 
ally  used  because  of  the  ease  with  which  their  saturable  binding  of 
ISSi-BoiiT  can  be  guantified.  Our  vario*  idies  showed  that  types 
A,  Band  F  exhibit  high  and  low  affinity  ig  to  type-specific 

sites  on  synaptosomal  membranes;  the  refold  *  of  each  was  capable 
of  antagonising  binding  of  the  respective  pa.  it  ntact  toxin 
(Williams  ei  al. .  1983;  Evans  ^  al . .  1986;  Ha.  ,  t  al. .  1988; 
Wadsworth  et  al . .  1990) .  As  such  interaction  of  NT  with  brain 
nerve  terminal  preparations  was  not  found  to  lead  co  toxin  uptake 
nearly  a^  efficient  (Black  and  Dolly,  1987) ,  as  noted  for  peripheral 
cholinergic  nerves  (see  Introduction) ,  and  because  of  the  high 
content  of  these  acceptors  (particularly,  the  low  affinity  variety) , 
we  suspected  that  this  synaptosomal  binding  was  largely  •non-produc¬ 
tive*  (Halsey  fit  al. .  1988).  In  order  to  evaluate  this  prediction, 
it  was  desirable  to  establish  if  HC  could  antagohise  the  inhibitory 
action  of  native  BoNT  on  synaptosomal  transmitter  release.  Unfortu¬ 
nately,  thesa  measurements  were  not  very  practical  because  they 
would  have  required  large  amounts  of  pure  HC,  due  to  the  relatively 
high  concentrations  of  the  BoNT  A  needed  to  give  significant  block- 
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ade  of  synaptosomal  transmitter  release  (Ashton  and  Dolly,  1988). 
Thus,  attention  was  turned  to  the  phrenic  nerve  hem i -diaphragm 
preparation  because  of  its  exquisite  toxin  sensitivity,  with  record¬ 
ings  of  nerve-evoked  muscle  twitch. tens ion  being  adopted  (detailed 
in  midterm  report)  as  a  convenient  assay  for  BoNT-induced  blockade 
of  ACh  release.  Having  established  a  dose-response  curve  at  24 *C 
for  inhibition  of  neuromuscular  transmission  by  intact  BoNT  X  and  B 
(Maisey  s£  al. .  1988),  a  comparison  of  the  activity  of  fragments  and 
chains  was  carried  out.  .H2L  proved  ineffective  at  30  nM  over  4h, 
demonstrating  that  proteolytic  removal  of  abolishes  the  neuropa¬ 
ralytic  activity  (Fig.  lA)  and  toxicity  in  mice  (Poulain  et  al. . 
1989a) .  It  was  possible  to  test  fragments  for  their  ability  to 
antagpnise  the  toxin's  action  using  established  protocols  from  the 
literature  for  arresting  intoxication  at  the  level  of  toxin  binding 
to  the  nerve  terminals  (ie.  lowering  temperature  to  4*C  and  using 
elevated  Mg^'*’  and  decreased  Ca^'*'  concentrations) .  Pre-exposure  of 
the  hemi-diaphragm  to  an  excess  of  H2L  at  4*C  prior  to  adding  the 
Intact  toxin,  failed  to  alter  the  BoNT-induced  blockade  observed 
after  washing  the  preparation  and  raising  the  temperature  to  24 *C 
(Fig.  lA) .  To  confirm  that  this  absence  of  biological  activity 
results  from  an  Inability  of  H2L  to  bind  to  thet  neuronal  acceptors, 
it  was  radioiodinated.  Whereas  ^^^l-BoNT  associated  in  a  saturable 
manner  with  motor  endplates  (identified  by  ACh  esterase  staining)  in 
the  mouse  diaphragm  (Poulain  al. ..  1989b),  no  such  binding  of 

was  detectable,  autoradiographically.  (Fig.  2) .  As  the  hC 
isolated  from  the  same  sample  of  ^2^  was  toxic  inside  neurons  (see 
later) ,  it  was  concluded  from  these  collective  measurements  that 
is  essential  for  targetting/productive  binding  to  motor  nerve  termi¬ 
nals.  Note  that  removal  of  also  destroys  ability  to  interact 
with  central  synapses  because  H2L  proved  ineffective  towards  synap- 
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tosomal  transmitter  release  (Dolly  et  al . .  1990)  and  was  unable  to 
inhibit  ^^^I-BoNT  binding  to  synaptosomes  (Shone  al . .  1985) . 

In  view  of  the  importance  of  for  ecto-acceptor  recognition 
in  rodents,  renatured  HC  together  with  LC  of  BoNT  A  were  tested  for 
ability  to  block  neuromuscular  transmission  (Maisey  et  al. .  1988  and 
detailed  in  midterm  report) .  Whereas  each  chain  alone  was  without 
effect  (at  30  nM  over  4h) ,  a  mixture  of  both  did  diminish  twitch 
tension  but  with  a  300-fold  lower  potency  than  intact  BoNT  (Fig. 

IB) .  Consistent  with  the  feeble  activity  of  the  two  chains,  excess 
HC  caused  no  significant  reduction  in  the  neuromuscular  paralysis 
produced  by  native  BoNT  (Fig,  1C) .  The  most  reasonable  interpreta¬ 
tion  of  these  findings  is  that  for  efficient  binding/targetting  the 
HC  must  adopt  a  conformation  equivalent  to  its  structure  in  the  di¬ 
chain  BoNT  molecule.  The  perturbation  of  HC  structure,  by  exposure 
to  urea  and  DTT,  during  its  isolation  may  not  be  fully  overcome  by 
the  renaturation  protocol;  such  subtle  differences  in  conformation 
would  not  necessarily  be  detectable  by  methods  for  measuring  gross 
secondary  structure  parameters  (DasGupta,  1989).  Experiments  out¬ 
lined  below  will  examine  if  the  inter-chain  disulphide  plays  any 
part  in  the  toxin-acceptor  binding  step. 

A  major  implication  of  the  above  observations  is  that  the  tox¬ 
in's  functional  acceptors  at  the  neuromuscular  junction  differ  from 
their  counterparts  in  brain;  however,  this  deduction  is  based  only, 
on  the  biochemical  properties  of  the  latter.  Thus,  itpr  a  valid 
comparison  to  be  made  an  experimental  strategy  had  to  be  devised 
that  allowed  both  acceptor  types  to  be  studied  biochemically;  this 
entailed  detergent  solubilisation  since  nerve  membranes  cruld  not 
readily  be  prepared  from  diaphragm.  Triton  X-100  extracts  of  end- 
plate-containing  areas  of  rat  phrenic  nerve  diaphragm,  and  cerebro- 
cortical  synaptosomal  membranes,  were  prepared  and  assayed  for 
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saturable  binding  of  l  nM  ^^^I-BoNT  A  (blocked  by  250  nM  unlabelled 
toxin)  by  means  of,  a  nitrocellulose  disc  method  (Table  1) .  As  a 
control,  specific  binding  of  ^^^I-a-bungarotoxin  was  also  measured 
in  innervated  and  hon-innervated  portions  of  diaphragm;  as  expected, 
a  28-fold  enrichment  of  nicotinic  receptors  was  seen  in  endplate- 
containing  samples  (Wadsworth,  1990) .  Consistently,  the  value 
observed  for  saturable  ^^®I-BoNT  A  sites  (»100  fmoles/mg  protein 
under  the  conditions  used)  in  the  nerve  terminal-rich  sections  was 
33  times  higher  than  for  extra-synaptic  regioiis  and  similar  to  that 
for  the  synaptosomal  extract  (Table  1) .  In  both  cases,  the  protei¬ 
naceous  nature  of  the  acceptors  was  revealed  by  their  inactivation 
following  treatment  of  the  tissues  with  trypsin.  Importantly, 
binding  to  the  nerve  diaphragm  extract  was  virtually  insensitive  to 
neuraminidase  treatment  but,  in  contrast,  this  abolished  binding  to 
the  central  acceptors  as  we  noted  previously  for  synaptosomes 
(Williams  gt  al . •  1983;  Evans  gi  1988;  Wadsworth  g£  al. .  1990). 

Moreover,  the  brain  acceptors  differed  in  that  their  BoNT  binding 
was  blocked  by  HC  whereas  the  peripheral  neuronal  acceptors  behaved, 
as  in  the  functional  assay,  with  BoNT  binding  remaining  unaffected 
by  HC.  As  reported  for  synaptosomes,  neither  HjL  or  H2  gave  any 
change  in  toxin  binding  to  either  extract.  Thus,  the  consistency  of 
results  found  with  both  functional  and  biochemical  assays  reaffirm 
that  stricter  structural  requirements  do  exist  for  toxin  binding  to 
motor  n.  ".'^ngs  relative  to  the  sitttation  at  central  synapses. 

Indeed,  thaw  ^w^lective  though  preliminary  findings  show  that,  the 
novel  acceptor  protein  identified  herein  fulfils  all  the  criteria 
for  involvement  in  toxin  targetting/uptnke  at  myo-neural  junctions, 
unlike  its  counterpart  in  brain;  thus,  Lt  is  now  warranted  to  estab- 
lishits  molecular  and  functional  properties  as  proposed  in  our  new 
contract . 


13 


Beduced/alkvlated  BgEI  h  aptagoni.ses  batylinisatign  Ql  murine  nerve 
terminals.  With  the  di-chain  species  appearing  necessary  for  pro¬ 
ductive  interaction  with  acceptor  at  neuromuscular  junction,  when 
relevant  concentrations  (sub-tianomolar)  are  used,  the  possibility 
arises  that  HC-sensitive  binding  of  higher  BoNT  concentrations 
reported  for  nerve-muscle  preparations  (Black  and  Dolly,  1986; 
Bandyopadhyay  al. .  1987)  may  represent  lower  affinity  interac¬ 
tion;  the  latter  could  mask  the  more  sparse  and  distinct,  productive 
sites.  These  unexpected  findings  made  the  original  goal,  of  obtain¬ 
ing  fragments  capable  of  antagonising  'true'  toxin-acceptor  interac¬ 
tion  seem  inappropriate  until  methods  (mentioned  earlier)  became 
available  for  isolating  in  a  biologically-active  state.  In  the 
meantime,  effort  was  applied  to  modifying  the  whole  toxin  in  such  a 
way  that  it  retained  ability  to  bind  ecto-acceptors  in  the  peripher¬ 
al  nervous  system  whilst  being  non-toxic.  Initially,  free  sulphy- 
dryls  in  native  BoNT  A  were  alkylated  with  iodoacetamide,  as  demon¬ 
strated  with  the  use  of  Ellman's  reagent' (see  Experimental  Proto¬ 
cols)  .  However,  such  modification  gave  no  detectable  change  in 
toxicity  in  mice  and  ability  to  block  neuromuscular  transmission  was 
retained  (Fig.  lb) .  This  surprising  finding  reveals  that  the  free 
SH  groups  are  not  essential  for  any  steps  of  the  intoxication  proc¬ 
ess.  In  view  of  the  reports  that  the  inter-chain  disulphide  was 
essential  for  toxicity  (Sugiyama  gi  al. .  1973) ,  attempts  were  made 
to  reduce  this  bund  using  thioredoxin/thioredoxin  reductase,  fol¬ 
lowed  by  alkylation  with  iodoacetamide,  according  to  a  protocol 
(Schiavo  si  al. .  1990)  found  to  be  readily  applicable  to  TeTX  (Fig. 
3).  Yet,  this  reduction  procedure  yielded  negligible  cleavage  of 
the  inter-chain  linkage  in  BoNT  A  or  B  as  monitored  by  SDS-PAGE 
autoradiography  and  densitometric  scanning  (Fig.  3} ,  despite  using  a 
variety  of  conditions.  As  an  alternative,  a  procedure  for  OTT 
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reduction  of  BoNT  A  was  optimised  .  This  gave  virtual  complete 
breakage  of  the  inter-chain  disulphide  according  to  electrophoretic 
analysis  (Fig.  3)  and  the  subsecjuent  iodoacetamide  treatment  alky¬ 
lated  all  the  SH  groups  (Dolly  ejt  al . .  1991) ,  as  quantified  colori- 
metrically.  In  the  mouse  assay,  the  resultant  material  showed  a 
100-fold  reduction  in  toxicity;  such  a  residual  level  is  likely  to 
result  from  a  trace  of  unmodified  toxin.  When  applied  at  2.5  nM  to 
a  hemi-diaphragm  preparation,  the  alkylated  protein  did  not  alter 
twitch  tension  in  the  time  scale  of  the  experiment  (Fig.  ID).  To 
gain  insight  into  the  basis  of  this  depletion  of  toxicity,  competi¬ 
tion  experiments  were  performed,  as  detailed  in  Fig.  lA  and  C,  in 
order  to  ascertain  if  the  derivative  could  bind  to  motor  nerve 
endings..  After  bath  application  of  2.5  nM  alkylated  BoKT  A  to  mouse 
hemi-diaphragm,  at  4*C  in  modified  buffer  (to  minimize  internaliza¬ 
tion)  ,  the  incubation  was  continued  in  the  additional  presence  of 
0.2  nM  BoNT  A  before  washing  the  tissue  and  raising  the  temperature 
to  24 'C.  Upon  neural  stimulation,  the  modified  toxin  extended  the 
onset  and  slowed  the  rate  of  blockade  of  muscle  tension  induced  by 
native  BoNT  relative  to  that  seen  in  the  control  (Fig.  ID) .  As  the 
experimental  conditions  employed  were  desigried  to  reveal  interaction 
at  the  ecto-acceptor  binding  step,  and  taking  into  account  data  to 
be  cited  later  on  the  intra-neuronal  activity  of  the.  alkylated 
material,  the  observed  pattern  of  antagonism  can  be  attributed  to 
its  inhibition  of  the  toxin's  productive  interaction  with  the  pre- 
'  synaptic  membrane,  ah  ability  not  shared  with  HC  cr  K2l<  (cf.  Fig. 
1A,C) .  Clearly,  removal  of  the  toxin's  inter-  and  intra-chain 
disulphides  (and/or  modification  of  the  resultant  SH  groups)  are 
without  effect  on  the  binding  that  leads  to  its  uptake  and  ultimata 
action.  In  the  case  of  TeTX,  the  inter-chain  bond  was  also  found  to 
be  non-essential  for  binding  but  an  involvement  of  the  intra-chain 
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disulphide  in  HC  has  not  been  addressed.  Moreover,  direct  bindirtg 
to  brain  membranes  of  reduced  TeTX  (by  the  thioredoxin  method)  was 
assessed  rather  than  using  a  functional  assay  (Schiavo  al. . 

1990) .  Another  important  outcome  of  our  observed  antagonism  is  that 
the  intoxication  has  been  demonstrated  conclusively,  for  the  first 
time,  to  involve  saturable  binding  of  BoNT  to  the  nerve  terminal 
membrane.  Further  investigations  to  be  described  in  a  later  section 
will  address  whether  one  or  other  of  the  two  disulphides  of  BoNT  are 
required  for  the  internalization  or  intracellular  steps.  In  any 
case,  this  available  antagonist  will  be  invaluable  in  future  efforts 
to  define  the  structural  properties  and  physiological  roles  of  the 
neural  acceptors,  particularly  in  distinguishing  the  'productive' 
sites  from  the  bulk  population  that  apparently  binds  HC. 

Structural  ggquircinentg  a£  BoNT  lor  ecto-acceptor  binding  in  Aplysia 
neuron?  exhibits  some  dissimilarities  with  mammalian  motor  poryg 
endings.  Because  of  these  notable  dissimilarities  in  the  functional 
BoNT  acceptor  at  mammalian  motor  nerve  endings  and  the  binding  sites 
characterized  biochemically  in  brain,  it  was  deemed  necessary  to' 
investigate  the  productive  interaction  of  BoNT  and  its  chains/frag¬ 
ments  with  other  presynaptlc  membranes.  For  this  purpose,  Aolvsia 
neuro-neuronal  synapses  were  chosen  for  several  reasons  (see  Intro¬ 
duction}  some  are  also  noted  later)  including  the  ease  with  which 
guantdl  transmitter  release  can  be  recorded  electrophysiologically 
from  identif4.ed  cholinergic  and  non-chollnergic  ganglionic  neurons. 
Bath  application  of  BoNT  A  (Poulain  al . .  1988)  or  B  (Poulain  et 
al. .  1990)  to  the  buccal  ganglion  diminishei  neural ly-evoked  ACh 
release  (see  midterm  report  for  .experimental  details) .  Another 
attraction  of  this  model  is  that  the  toxin's  cholinergic  specificity 
resembles  the  pattern  seen  in  the  mammalian  peripheral  neurons  (see 


Introduction) ;  externally  applied  BoNT  was  very  much  more  effective 
in  inhibiting  ACh  release  than  in  blocking  neurotransnission  at  a 
non-cholinergic  synapse  in  the  cerebral  ganglion  of  Aolvsia  (Fig. 

4),  a  feature  arising  from  differences  in  the  neuronal  acceptors 
rather  than  to  disparate  intracellular  potencies  (detailed  later) - 
As  ACh  release  could  be  measured  in  the  neurons  at  a  reduced  temper¬ 
ature  of  lO'C,  albeit  at  a  oecreased  level  (Fig.  5A) ,  it  was  possi- 
,ble  to  show  that  BoNT  A  or  E  bind  under  these  conditions  but  were 
unable  to  block  transmitter  release  until  the  temperature  was  re¬ 
stored  to  22 ’C  (Fig.  5B) .  Note  that  in  the  neuron  not  treated  with 
toxin  the  initial  level  of  ACh  release  was  resumed  when  the  tempera¬ 
ture  was  switched  from  lO'C  to  22’C.  As  a  similar  blockade  resulted 
from  a  brief  (Fig.  5B)  or  continuous  exposure  (Fig.  5A)  to  10  nM 
toxin,  it  can  be  deduced  that  rapid  binding  of  each  toxin  occurred. 
Furthermore,  it  is  apparent  from  these  results  (and  other  data  noted 
in  a  later  section)  that  lowering  the  temperature  arrests  intoxica¬ 
tion  after  the  toxin  binding  step;  hence,  this  provided  an  ideal 
system  for  investigating  the  chains  or  fragments  of  BoNT  involved  in 
the  binding  (Poulain  ei  al . .  1989a, b)  that  leads  to  uptake  and 
intracellular  action  (see  sections  below).  Interestingly,  HC  was 
inactive  when  bath  applied  at  10 *C  but  prevented  the  binding  of  BoNT 
added  later  because  the  blockade  of  ACh  release  produced  in  the 
control  by  this  short  exposure  to  intact  toxin  (Fig.  5B)  was  not 
recorded  (Fig.  5C) .  Likewise,  H2L  or  H2  exhibited  similar  antago¬ 
nism  of  toxin-acceptor  Interaction  (Fig.  5D,E)  and  demonstrated  that 
H2  region  of  HC  is  predominantly  responsible  for  ectQ-acceptor 
recognition.  In  fact,  'H2  isolated  from  BoNT  A  prevented  the  action 
of  type  E  (Fig.  5F) ,  highlighting  that  these  two  toxins  share  common 
binding  sites,  at  least,  in  Aolvsia.  Notably,  these  competition 
experiments  established  that  intoxication  of  this  preparation  also 
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involves  saturable  binding  of  BoNT,  but  differs  in  that  only  is 
involved,  whereas  the  dichain  molecule  is  required  at  the  rodent 
neuromuscular  junction.  Notwithstanding  this  greater  structural 
stringency  for  BoNT  binding  to  rat  motor  nerve  endings,  it  is  likely 
that  the  role  of  docimented  for  Aolvsia  applies  also  to  mammals; 
there,  it  could  act  in  conjunction  with  (domain  in  intact  BoNT) 
which  was  shown  earlier  to  be  essential  in  both  peripheral  and 
central  neurons. 

Distinct  ecto-acceptors  underlie  the  charagteristig  neuronal  specie 
f icitins  of  BoNT  and  TeTX.  Wit  i  the  aim  of  further  characterizing 
BoNT  acceptors,  the  Aolysia  model  v  s  exploited  to  compare  their 
neuron  specificities  with  that  of  TeTX  (Poulain  et  al. .  1991a). 

Upon  bath  application  to  cholinergic  neurons  in  the  buccal  ganglion, 
the  dose-response  curves  obtained  for  inhibition  of  neurotransmis¬ 
sion  showed  BoNT  A  to  be  aiOO-fold  more  potent  than  TeTX  (Fig.  4A) . 
In  contrast,  the  reverse  situation  was  observed  with  non-cholinerg'ic 
neurons,  though  in  this  case  only  the  time  courses  for  fixed  toxin 
concentration  were  tested  (Poulain  si  al . .  1991b)  because  of  the 
greater  difficulty  of  quantifying  quantal  release  at  these  termi¬ 
nals.  Such  distinct  preferential  actions  arise  from  these  neurons 
possessing  the  requisite  cell  surface  acceptors  for,  these  toxins 
rather  than  dissimilar  intracellular  efficacies  (see. below) .  Al¬ 
though  it  is  notable  that  the  preference  of  BoNT  for  cholinergic 
neurons  accords  with  that  in  murine  peripheral  nerves  (see  Introduc¬ 
tion),  the  different  specificity  of  TeTX  cannot  be  defined  because 
of  the  un)inown  identity  of  the  transmitter  operative  at  the  non- 
cholinergic  terminal  of  Aolvsia  studied.  However,  the  latter  is  an 
excitatory  synapse  whereas  TeTX  blocks  predominantly  transmitter 
release  at  inhibitory  junctions  in  vertebrates. 
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is  Sf  BoNT  and  TeTX  are  active  when  placed  inside  rooter  nerve  end¬ 
ings  and  other  roamr-alian  cells;  a  vestigial  role  for  HC  of  BoNT  in 
Aplysia  neurons 

Initial  efforts  were  made  to  demonstrate  an  intra-neuronal  site 
of  BoNT  action  by  applying  the  protein  to  the  cut  end  of  motor  axons 
leading  to  motor  endplates  in  mouse  diaphragm;  lack  of  alteration  in 
subsequently  recorded  nerve-evoked  muscle  tension  indicated  that 
this  technique  was  unsuccessful  as  a  means  for  internalizing  the 
active  toxin.  Likewise,  incorporation  of  BoNT  inside  resealing 
synaptosomes  (after  the  nerve  terminals  are  pinched  off  during 
homogenisation  of  cerebral  cortex)  was  not  efficient  enough  to  give 
inhibition  of  K^-stimulated  transmitter  release.  Yet,  both  these 
methods  have  bee.i  refuted  to  allow  proteins  access  to  the  nerve 
terminal  interior.  At  that  juncture,  Aplvsia  neurons  were  used  to 
allow  micro-injection  of  toxin  into  identified  neurons,  together 
with  recording  of  quantal  transmitter  release  as  before. 

llie.  chains  of  BoNT  and  TeTX  reguired  inside  Aplysia  neurons  for 
blockade  transmitter  release.  In  this  system,  BoNT  A  was  equally 
active  (Fig.  4B,D)  inside  cholinergic  (Poulain  e£  al . .  1988,  198Sa; 
Maisey  al . .  1988)  and  non-cholinergic  neurons  f Poulain  et  al. . 
1991a) ;  notably,  this  was  also  true  for  TeTX  and,  in  fact,  both 
displayed  similar  potencies  (Poulain  pt  al . .  1991b).  Thus,  an 
intracellular  site  of  action  was  demonstrated  conclusively  for  these 
two  related  toxins,  a  finding  confirmed  using  permeabilised  PC12 
cells  (Meinnes  and  Dolly,  1990)  and  chromaffin  cells  (covered  in 
mid-term  report).  Digitonin-pemeabilised  PC12  cells  produced 
Ca^'*'-dependent  exocytosis  of  (^H) noradrenaline  (NA)  and  this  was 
innibited  effectively,  though  incompletely,  by  BoHT  A  (Fig.  8A) .  As 
these  toxins,  when  placed  intracellularly,  block  Ca^'*'-dependent 
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release  of  all  transmitters  tested  both  in  Aolvsia  and  rat  brain 
synaptosomes  (Ashton  and  Dolly,  1988;  reviewed  in  the  nid-tann 
report),  as  well  as  inhibiting  exocytosis  from  endocrine  cells, 
their  targets  are  ubiguitous  component (s)  of  this  fundamental  proc¬ 
ess.  Also,  it  is  clear  that  the  toxins'  distinct  neuronal  specific¬ 
ities  result  from  selective  targetting/uptake  mediated  by  acceptors 
present  on  the  susceptible  cells. 

Attention  was  next  focgssed  on  the  chains/fragments  of  these 
toxins  that  act  intracellularly;  for  this  purpose^  the  convenient 
Aolvsia  model  was  first  used.  Micro-injection  of  BoNT  LC  (-’ig.  7A) 
into  a  cholinergic  neuron  of  the  buccal  ganglion  did  not  alter 
guantal  transmitter  relase  unless  HC  was  also  applied  intra~ 
neurcnally  (Poulain  et  al . ■ , 1988;  mid-term  report)  or  added  to  the 
bath  (Fig.  7A) .  HC  alone  was  inactive  within  the  cell  (shown  in  a 
later  Fig.).  Obviously,  the  intracellular  presence  of  both  chains 
of  BoNT  A  or  B  (Poulain  ^  al . .  1990)  is  required  ^or  blockade  of 
ACh  release;  the  same  was  found  for  a  non-chol inerg ic  neuron  with  LC 
alone  being  inactive  unless  co-adrainistered  with  HC  (Fig.  SA,B). 

I 

Internal  application  of  HjL  (or  plus  LC)  also  proved  ineffective 
until  HC  was  added  (Fig.  7B)  so  it  emerged  that  Hj,  was  the  region 
required  for  LC  to  be  alctive  (detailed  in  mid-tetm  report) .  In  this 
regard,  it  is  interesting  that  HC  of  TeTX  could  not  substitute  in 
this  role  fbr  its  counterpart  from  BoNT  in  cholinergic  cells  (Fig. 
7C) .  A  further  difference  exists  between  the  toxins  in  that  LC 
alone  of  TeTX,  applied  internally,  blocked  release  from  cholinergic 
(Fig.  9)  O'  non-chol inergic  neurons  (Fig.  8A,B);  its  HC  was  ineffec¬ 
tive  (Fig.  9) . 

IK  la  n&£  required  jiiriiiii  mammalian  seils  lunliXe  Apiysia  neurons) 
for  IC  ^  Inh ib 1 t  exoevtos i s .  This  curious  situation  of  both  chains 
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oJ  BoNT  being  essential  inside  Ablvsia  neurons  whilst  LC  of  TeTX  was 
adequate  created  the  need  for  further  investigations  on  another  cell 
type.  The  system  already  established  for  Pleasuring  release  from 
permeabilised  PC12  cells  was  used  initially.  Here,  LC  alone  of  BoNT 
was  equally  effective  as  intact  toxin  ir.  decreasing  Ca^'''-elicited 
[^H]NA  re  -ase  (Fig.  6).  In  contrast,  HC  on  its  own  proved  ineffec¬ 
tive  and  it  had  no  significant  effect  on  the  action  of  LC  (Fig.  63) . 
Similar  findings  have  been  reported  for  LC  of  TeTX  and  BoNT  in  both 
PC12  and  chromaffin  cells  (reviewed  Dolly,  1991).  In  this  context, 
it  is' relevant  that  pre-treatment  of  BoNT  A  with  10  mM  DTT  did  not 
potentiate  its  blockade,  consistent  with  the  minimal  reduction  of 
the  inter-chain  disulphide  that  Occurs  under  the  conditions  used 
(Meinnes  and  Dolly,  ,1990) . 

At  this  stage,  it  was  unclear  if  the  latter  results  for  BoNT 
chains  seen  with  permeabilised  cultured  endocrine  cells  (noc  truly 
representative  of  neurons)  or  the  different  findings  ■'bserved  with 
quantal  transmitter  release  from  Aolvsia  neurons  wei j  typical  of  the 
rapid,  neurally-evoked  ACh  release  that  occurs  at  mammalian  neuro¬ 
muscular  junction,  the  prime  target  of  BoNT.  For  this  reason,  new 
methodology  was  developed  to  allow  each  of  the  toxin's  chains  to  be 
delivered  via  liposomes  inside  nerve  endings  of  mouse  hem i -diaphragm 
(de  Paiva  and  Dolly,  1990) ;  this  is  detailed  in  Experimental  Proto¬ 
cols.  After  sonicating  a  lipid  mixture  in  the  presence  of  LC  from 
BoNT  A,  an  acceptable  level  of  this  moiety  was  found  to  be  incorpo¬ 
rated  into  the  resultant  liposomes.  Isolated  in  the  void  volume  of  a 
gel  filtration  column  (Fig.  lOB) .  Negatively-charged  lipids  were 
employed  to  minimize  toxin  chains  associating  with  the  vesicles 
rather  than  being  entrapped;  thus,  when  LC  was  added  to  preformed 
liposomes  a  negligible  amount  of  protein  co-eluted  with  the  vesicles 
(Fig.  lOA) .  On  the  other  hand,  a  quantity  of  HC  did  associate  with 


preformed  liposomes  (Fig.  IOC)  due  to  its  hydrophobic  nature;  never¬ 
theless,  a  large  amount  of  HC  seemed  to  become  entrapped  because  of 
the  increased  levels  seen  when  added  to  the  lipids  prior  to  sonica.- 
tion  (Fig.  lOD) .  Application  of  such  liposomes  to  the  phrenic  nerve 
hemirdiaphragm  at  37 ‘C  in  Krebs  solution  resulted  in  their  fusion 
with  nerve  and  muscle  membranes  and  delivery  of  the, contents,  as 
established  by  quantitation  of  uptake  of  an  inert  radioactive  tracer 
into  endplate-enriched  and  non-endplate  areas  of  diaphragm.  When 
Ix:-containing  liposomes  were  used,  a  time-  and  concentration-depend¬ 
ent  diminution  of  neuromuscular  transmission  occurred  (Fig.  IIA) . 
Such  an  effect  was  not  seen  with  liposomal  encapsulated  HC  (Fig. 

IIB)  or  control  liposomes  devoid  of  toxin  and  made  with  the  buffer 
used  in  the  twitch  experiments  (Fig.  IIA) ;  likewise,  a  contribution 
from  any  contaminating  intact  toxin  was  excluded  (de  Paiva  and 
Dolly,  1990).  Evidence  for  a  presynaptic  inhibition  of  ACh  release  , 
was  provided  by  the  temporary,  though  incomplete  reversal  caused  by 
4-aminopyridine,  a  blocker  of  certain  voltage-activated  K"*"  channels 
in  the  nerve  membrane  that  facilitates  transmitter  release  as  a 
result  of  increasing  Ca^'*'  influx.  To  evaluate  if  HC  could  influence 
the  activity  of  LC,  a  mixture  of  two  separate  preparations  of  lipo¬ 
somes  containing  LC  and  HC,  respectively,  was  also  added.  An  iden¬ 
tical  lag  period  and  paralysis-time  was  observed  for  this  mixture 
and  the  LC-containing  liposomes;  the  slight  difference  in  the  shapes 
of  the  curves  falls  within  experimental  error.  Notwithstanding  the 
limitation  of  this  'mixing*  protocol,  HC  appears  to  be  unnecessary 
for  toxicity.  Because  bath  application  of  LC  (at  the  same  concen¬ 
tration  as  above)  in  the  absence  of  liposomes  failed  to  affect 
synaptic  transmission,  it  is  concluded  that  liposomes  deliver  LC 
inside  mammalian  motor  nexrve  terminals  where  it  mimics  the  toxin's 
actioh.  This  represents  a  major  advance  because  it  consolidates  the 
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proposed  scheme  of  intoxication  and,  also,  establishes  that  SjC  can 
be  used  as  a  safer  and  more  selective  probe  for  future  studies  on 
its  intracellular  target. 

In  the  light  of  these  findings,  the  involvement  of  HC  in  the 
toxin's  action  inside  Aolvsia  neurons,  a  feature  lost  through  evolu¬ 
tion  in  mammals  hnd,  for  the  action  of  TeTX  in  all  cells  examined, 
would  seem  to  be  secondary.  For  example,  it  could  be  speculated 
that  interaction  of  HC  (probably  via  its  hydrophobic  domain)  with 
the  toxins'  intracellular  target  is  a  prerequisite  for  recognition 
of  LC.  This  scenario  is  more  likely  thaA  HC  associating  with  LC 
because  HC|<>|  processed  type  A^can  enable  single-chain  3oNT  E  (or  H2L) 
to  block  ACh  release  in  Aolvsia  neurons  (Poulain  et  ^  1989b) • 

Production  and  characterization  of  anti oodies  against  the  intra- 
neuronallv  active  chain  of  BoNT.  In  view  of  the  documented  activity 
of  BoNT  LC  within  these  several  cell  systems,  and  in  order  to  reach 
the  initial  goal  of  obtaining  agents  capable  of  neutralising  the 
intoxication  at  an  intracellular  stage,  polyclonal  and  monoclonal 
antibodies  raised  were  raised  against  this  chain.  As  it  was  highly 
desirable  for  this  purpose  to  immunize  animals  with  'native'  LC  (ie. 
not  a  toxoid  derivative),  it  was  necessary  to  isolate  this  protein 
to  an  extremely  high  level  of  purity  (<4  x  10^  mouse  LO^g/mg)  by 
removing. on  a  mono-Q  Sepharose  column  (see  Experimental  Protocols) 
any  intact  toxin  or  HC  contaminating,  the  LC 

,  purified  by  published  procedures.  After  extensive  experimen¬ 
tation,  immunisation  regimes  were  devised  for  rabbits  and  mice  that 
avoided  death  of  the  animals  and  yielded  antibodies  with  the  appro¬ 
priate  properties.  In  ELISA  (detailed  in  Experimental  Protocols), , 
the  resultant  rabbit  antisera  showed  high  titres  towards  BoNT. A  LC 
or  intact  toxin  (1:30,000  dilution)  but  no  cross-reactivity  was 
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detectable  with  HC  of  types  A  or  B,  or  BoNT  B,  E,  or  F  (Fig.  12). 
Consistently,  on  inununoblots  the  antiserum  reacted  with  free  LC  and 
only  the  latter  in  the  whole  toxin  (Fig.  13C) .  Assays  in  mice 
showed  a  neutralisation  capacity  of  >2.5  x  10®  LDsq  units/ml  for 
antiserum  312  (higher  dilutions  are  being  used  to  determine  the 
absolute  value) .  In  preliminary  experiments  intracellular  injection 
of  either  serum  into  cholinergic  neurons  in  buccal  ganglion  of 
ADlvsia  prevented  the  inhibitory  action  of  bath^applied  BoNT  A  (2 
nM)  on  ACh  release.  Although  these  encouraging  results  make  further 
characterization  of  the  antibodies  worthwhile  in  the  future,  effort 
has  been  concentrated  on  isolating  monoclonal  antibodies  against  LC 
because  of  their  greater  usefulness  in  the  longer'-term. 

Of  the  several  anti-LC  monoclonals  selected  initially,  one 
(G5)-IgG  2b  isotype-looks  particularly  valuable.  An  IgG  concentrate 
of  this  monoclonal  was  obtained  from  the  resultant  ascitic  fluids 
and  its  properties  are  shown.  On  ELISA,  it  reacted  at  1:32,000 
dilution  with  LC  or  intact  BoNT  A  whilst  being  unreactive  with  HC  or 
types  B,  E,  F  or  TeTX  (Fig.  12).  Likewise,  immunoblotting  of  SDS- 
PAGE  gels  demonstrated  its  exclusive  reaction  with  LC  of  type  A 
(Fig.  i3A,B);  moreover,  radio-immunoprecipitation  using  ^^®I-BoNT  A 
confirmed  that  it  recognises  LC  in  the  intact  di-chain  protein. 
Although  G5  was  ineffective  in  the  mouse  neutralisation  tests,  when 
the  hybridoma  supernatant  was  air-pressure  injected  into  a  choliner¬ 
gic  neuron  of  Aolvsia  (slOOO-fold  final  dilution)  it  prevented  the 
action  of  bath-applied  IS  nM  BoNT  A  (Fig.  14) .  As  two  presynaptic 
neurons  synapse  onto  the  same  postsynaptic  cell  in  this  preparation, 
it  was  possible  to  inject  a  control  hybridoma  supernatant . into  the 
other  cell;  this  was  totally  Ineffective  and  demonstrated  that  the 
neutralisation  seen  was  indeed  due  to  anti-LC  IgG.  The  latter  is  a 
very  exciting  advance  because  it  illustrates  how  intracellularly 
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neutralising  nonoclonals,  suitable  for  future  neuronal  targetting 
(outlined  in  our  new  contract) ,  can  be  prepared,  and  exemplifies  how 
available  experimental  models  are  applicable  in  their  evaluation. 
Additionally,  the  liposomal  delivery  system  will  be  applied  to  test 
the  effectiveness  of  such  antibodies  inside  vertebrate  motor  nerve 
endings . 

H-.T?nnipal  pgrtian  af  fraiq  BaHI  ar  leix  san  Intet-cba.nqeably 
internalize  either  into  Aplysia  neurans  ^  upta.k?  S£.  tlie  mammar 
lian  neuromuscular  junction  requires  £hg  ttichain  lars  a£  Pqnt 

Because  only  intact  BoNT  is  active  at  murine  endplates,  inves¬ 
tigations  were  conducted  on  Aolvsia  neurons  to  gain  insight  into  the 
chains/domains  concerned  with  the  uptake  step  because  the  N-terminal 
moiety  of  HC,  H2,  is  capable  of  ecto-acceptor  binding  (see  earlier 
section).  It  was  readily  established  that  LC  alone  cannot  be  inter¬ 
nalized;  its  bath  application  (at  high  concentration)  to  a  neuron  in 
tile  buccal  ganglion  pre-injected  with  HC  was  without  effect  on  ACh 
release  (Fig.  15A) .  This  also  shows  that  HC  when  placed  inside  the 
neuron  cannot  mediate  the  uptake  of  LC  added  extra-cellularly.  In 
contrast  to  LC,  application  of  HC  to  a  cell  previously  injected  with 
LC  diminished  ACh  release  (Fig.  7A) ,  showing  that  HC  can  internalize 
on  its  own.  Furthermore,  HC  is  able  to  mediate  uptake  of  LC  when 
present  together  in  the  bath  (Fig.  15C)  or  subsequent  to  washing 
(Fig.  15B) ;  confirming  results  of  earlier  described  competition 
experiments  (Fig.  5C)  that  it  binds  saturably  (Maisey  si  al. .  1988) . 
Notice  that  HC  of  type  B  brings  about  uptake  of  LC  of  A  or  B. 

Unlike  HC,  prior  addition  of  LC  followed  by  washing  before  inclusion 
of  HC  is  ineffective  (Fig.  15D) ,  indicating  the  inability  of  XC  to 
bind  or  remain  attached  to  the  neuronal  meiAbrane  for  sufficient  time 
to  interact  with  the  other  chain.  Just  as  removal  of  did  not 
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affect  the  binding  of  H2I4  (Fig-  5D,F),  likewise,  this  did  not  alter 
internalization  because  bath  application  of  H2I'  to  a  neuron  pre¬ 
injected  with  HC  (to  provide  which  is  essential  inside)  reduces 
ACh  release  (Fig.  15E) .  Further  experiments  revealed  that  the 
separated  H2  could  enable  LC  to  enter;  intra-neuronal  administration 
of  HC,  followed  by  LC  inclusion  in  the  bath  gave  no  change  in  trans¬ 
mitter  release  until  H2  was  added  (Fig.  ISF) . 

When  the  internalization  of  TeTX  chains  were  examined  in  Aolv- 
sia.  the  same  results  were  obtained.  LC  alone  could  not  enter 
neurons  (Poulain  et  al . .  1990)  but  HC  (Fig.  16A,B)  or  ^2  (Poulain  et 
al . .  1991a)  mediated  its  uptake.  Thus,  the  N-teminal  halves  of  HC 
in  both  BoNT  and  TeTX  can  bring  about  acceptor-mediated' internaliza¬ 
tion  in  Aolvsia  neurons  (cf.  the  contrasting  situation  at  neuromus¬ 
cular  junction) .  Considering  the  distinct  neuronal  specificities 
exhibited  by  BoNT  and  TeTX  for  cholinergic  and  non-cholinergic 
synapses  in  Aolvsia  (see  above) ,  and  in  view  of  the  ability  of  HC  or 
N-terminal  portion  from  each  toxin  to  mediate  internalization  of 
their  respective  LC,  we  addressed  the  Intruiging  question  of  whether 
this  chain/ fragment  from  BoNT  could  internalize  LC  of  TeTX  and  vice 
versa .  thereby  switching  the  toxins'  characteristic  neuron  selectiv- 
ities.  In  the  first  set  of  experiments  on  cholinergic  cells,  bath 
application  of  the  constituent  chains  of  TeTX  proved  much  less 
effective  in  blocking  ACh  release  than  their  counterparts  from  BoNT 
(Fig.  16A) ,  consistent  with  the  disparate  potencies  of  the  intact 
toxins  noted  earlier.  Interestingly.,  upon  substituting  the  TeTX  HC 
with  that  from  BoNT,  TeTX  LC  was  made  appreciably  more  potent  in 
reducing  ACh  release  (Fig.  16C) .  In  fact,  the  equivalent  result  was 
achieved  using  H2  of  BoNT  and  IjC  of  TeTX  in  the  bath  (Fig.  16E) . 
Corresponding  experiments  on  non-choliuerglc  neurons  demonstrated 
that  the  extracellular  application  of  the  chains  of  TeTX  were  far- 
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more  powerful  in  blocking  transmitter  release  than  the  equivalent 
addition  of  HC  and  LC  of  BoNT  (Fig.  16B) ,  again  in  accord  with 
results  for  the  intact  proteins.  Use  of  HC  of  TeTX  enabled  LC  of 
BoNT  to  be  internalized  effectively  into  the  non-cholinergic  neuron 
because  this  mixture  gave  a  dramatic  reduction  of  transmitter  re¬ 
lease  (Fig.  16D)  relative  to  that  seen  with  both  chains  of  BoNT 
(Fig.  16B) ,  provided  HC  of  BoNT  was  pre-injected  to  provide 
Such  an  enhancement  oi  the  activity  of  BoNT  LC  was  also  achieved 
with  ^2  fragment  of  TeTX  (Fig.  16F) .  Hence,  this  very  convincing 
series  of  novel  results,  showing  that  the  chimeric  mixture®  dis¬ 
played  potencies  equivalent  to  those  of  the  respective  parent  toxins 
whence  the  HC  originated  (Poulain  et  al .  1991b) ,  illustrate  the 
ability  of  N-terminal  halves  of  each  HC  to  efficiently  internalize 
LC  from  either  toxin.  Furthermore,  it  is  clear  that  their  binding 
to  distinct  ecto-acceptors  on  the  two  neuron  types  determines  the 
toxins'  specificity  because  BoNT  and  TeTX  exhibit  similar  potencies 
intracellularly.  If  it  can  be  assumed  that  BoNT  and  TeTX.  can  act, 
also,  with  similar  potencies  inside  mammalian  neurons,  their  prefer¬ 
ential  action  in  the  peripheral  and  central  nervous  systems, .  respec¬ 
tively,  would  be  ascribable  to  their  selective  uptake  at  these 
sites.  Based  on  these  collective  findings  in  Ap).vsia.  it  may  be 
postulated  that  H2  or  02  possess  two  functional  domains,  one  being 
distinct  and  responsible  for  the  divergent  neuronal  specificity, 
whereas  the  other  serves  a  common  role  in  translocating  LC  of  either 
toxin. 

In  the  light  of  these  observations,  it  is  now  relevant  in  the 
current  contract  to  establish  the  nature  of  the  interaction  between 
HC  (or  indeed  N-termlnal  portion)  and  LC  that  allows  internalization 
to  take  place  in  Aolvsia  neurones.  Already,  initial  Investigations 
have  revealed  that  separately  refolded  HC  and  LC  of  BoNT  can  associ- 
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ate  under  conditions,  used  in  Aolvsia  experiments,  to  form  a  disul¬ 
phide-linked  dichain  species  (Dolly  al . .  1991) .  Moreover,  pre¬ 
liminary  studies  on  reduced/alkylation  BoNT  A  (detailed  earlier) 
using  the  Aolvsia  system  show  that  in  addition  to  being  able  to  bind 
ecto-acceptors  efficiently,  this  derivative  is  active  intracellular- 
ly.  Thus,  it  is  tempting  to  postulate  that  an  inter-chain  disul¬ 
phide  bridge  may  be  essential  for  internalization  both  in  Aolvsia 
and  mammalian  motor  nerve  endings,  as  was  proposed  for  TeTX  where 
this  bond  was  exclusively  reduced  with  thioredoxin/th j oredoxin 
reductase  (Schiavo  al. .  1990) .  In  this  case,  certain  features 
may  be  shared  by  the  uptake  system  in  vertebrates  and  invertebrates; 
this  may  include  H2' being  concerned  with  binding/uptake  at  neuromus¬ 
cular  junction  but  requiring  the  essential  contribution  of 

Clues  ia.  molecular  actions  q£  BattT  h  SM  fi 

Effects  aL  altering  intra-svnaptosomal  levels  ai  messengers. 

on  the  action  of  BoNT  &  and  B.  To  validate  the  use  of  synaptosomes 
as  a  convenient  preparation  for  studies  on  BoNT  action,  we  examinetL 
I  the  effectiveness  of  elevating  Ca^"*"  concentration  on  the  reversibil¬ 
ity  of  blockade  of  transmitter  release  caused  by  type  A  and  B. 
Increased  extracellular  levels  of  Ca^'*'  were  ineffective  ir.  antago¬ 
nising  the  inhibition  of  K'''-stimulated  NA  release  from  cerebrocorti- 
cal  synaptosomes  induced  by  BoNT  A.  or  B  unless  the  Ca^'^  ionophore 
A23187,  was  included  (Fig.  17A,B).  Interestingly,  this  treatment 
caused  a  greater  extent  of  reversal  of  the  intoxication  seen  with 
type  A  than  B,  reminii  ent  of  findings  at  motor  nerve  terminals  when 
using  4-aminopyridine  '  ansel  al. .  1987) ,  reaffirming  some  subtle 
difference  in  their  mode  of  action  (reviewed  in  Dolly,.  1990). 
Ca^'''-induced  changes  in  protein  kinase  C  activity  do  not  appear  to 
underlie  this  reversal  because  incubation  of  poisoned  synaptosomes 
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with  an  active  phorbol  ester,  phorbol  12-myristate'  13-acetate  (an 
activator  of  the  enzyme)  was  unable  to  mimic  the  effect  of  Ca^'*‘  plus 
ionophore  (Fig.  17C,D).  The  inhibitory  effects  of  the  toxins  also 
remained  unaltered  when  the  synaptosomes  were  pre-treated  with  8- 
bromo  c-GMP  oi  dibutyrl  c-AMP,  in  the  presence  of  a  phosphodiester¬ 
ase  inhibitor  (Fig.  18  A,B).  Likewise,  exposure  of  intoxicated 
nerve  terminals  to  8-bromo  c-GMP  or  nitroprusside  (a  stimulator  of 
guanyl  cyclase)  failed  to  perturb  the  BoNT-induced  reduction  in 
evoked  transmitter  release  (Fig.  18C,0). 

Possible  involvement  of  the  cvtoskeleton  in  BoNT  intoxication. 
Because  of  the  implication  of  cytoskeletal  elements  in  transmitter 
release  (Lindstedt  and  Kelly,  1987) ,  the  influence  of  disassembling 
the  actin-  and  tubulin-based  cytoskeleton  on  the  toxin's  action  was 
examined.  Breakdown  of  microfilaments  in  synaptosomes  with  cyto- 
chalasin  0  did  not  affect  the  subsequent  blockade  of  NA  release  by 
BoNT  A  or  B  (Ashton  and  Dolly,  1991) .  In  contrast,  depolymerization 
of  microtubules  with  colchicine  attenuated  the  inhibition  of  trans¬ 
mitter  release  normally  produced  by  BoNT  B  whilst  that  of  type  A 
remained  unchanged  (Fig.  19A,B).  The  significance  and  specificity 
of  this  treatment  were  confirmed  by  the  same  pattern  of  results 
being  observed  with  two  other  microtubule-dissociating  drugs,  nocod- 
azole  and  grlseofulvin  (Fig.  19C-F) .  'As  these  agents  have  dissimi¬ 
lar  structures  it  seems  unlikely  that  such  an  interesting  finding 
could  have  resulted  from  secondary  effects  of  all  these  drugs; 
moreover,  the  noted  restriction  of  this  antagonism  to  type  B  toxin 
accords  with  known  differences  in  the  precise  sites  of  action  of 
BoNT  A  and  B.  Notably,  complete  protection  against, the  detrimental 
effect  of  BoNT  B  was  not  achievable  even  when  using  a  combination  of 
the  drugs.  Also,  it  must  be  emphasised  that,  under  the  conditions 
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employed  above  (where  drugs  were  removed  during  washing  stages) , 
K'''-evoked  Ca^‘*'-dependent  transmitter  release  was  not  altered  by 
these  agents  alone.  However,  if  colchicine  was  present  throughout 
the  experiment  the  amount  of  release  was  reduced  (see  legend  to  Fig. 
20)  but  these  conditions  produced  no  greater  antagonism  of  BuNT  B 
intoxication  (Fig.  20A) .  Further  evidence  for  the  involvement  of 
microtubules  was  gained  from  the  observation  that  stabilisation  of 
this  cytosiceletal  component  by  treatment  of  synaptosomes  with  taxol 
attenuated  the  effect  of  colchicine  on  the  intoxication  caused  by 
BoNT  B  (Fig.  20B) ;  treatment  of  synaptosomes  with  taxol  alone  pro¬ 
duced  no  change  in  [^H]NA  release.'  Evidence  available  to  date 
indicates  that  colchicine  does  not  affect  the  measurable  binding  of 
^^^I-BoNT  B  to  synaptosomes  (Ashton  and  Dolly,  1991),  or  internali- 
z^<tion  of  BoNT  B  into  synaptosomes,  leading  to  the  suggestion  that 
the  drug  perturbs  the  toxin's  intra-neuronal  action.  Although  there 
is  no  direct  biochemical  assay  for  measuring  the  influence  of  col¬ 
chicine  on  BoNT  internalization,  it  can  be  assessed  indirectly  by 
exploiting  the  steep  temperature-dependence  of  the  final  stage  of 
the  intoxication.  After  exposure  to  synaptosomes  for  90  min  at 
30*C,  BoNT  B  should  have  bound  and  become  internalized;  yet, it 
exerted  a  minimal  effect  (20%  inhibition)  on  NA  release.  However, 
removal  of  extracellular  toxin  by  washing  and  re-incubation  of  the 
nerve  terminals  for  a  further  90  min  at  37'*c  resulted  in  release 
being,  inhibited  to  the  normal  extiant..  with  such  a  double  incubation 
protocol,  microtubule-disrupting  drugs  can  be  added  either  during 
the  first  time  period  (when  binding  and  internalization  occurs)  or 
during  the  second  phase  (when  the  toxin  exhibits  its  intrrcellular 
action).  An  antagonism  of  BoNT  B  action  is  seen  only  when  colchi¬ 
cine  is  added  during  the  latter  step  (Ashton  and  Dolly,  1991)^ there¬ 
fore,  this  drug  must  act  at  a  stage  after  the  binding  and  intemali- 
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zat’jn  of  the  toxin.  Findings  with  BoNT  A  support  this  suggestion,* 
colchicine  did  not  inhibit  ^^^I-BoNT  A  binding  or  its  internaliza¬ 
tion. 

It  has  still  to  be  demonstrated  whether  BoNT  B  acts  directly  on 
the  microtubule  system  or  whether  its  breakdown  simply  activates 
certain  other  processes  which  counteract  the  ability  of  the  BoNT  B 
to  block  transmitter  release.  For  example,  depolymerization  of 
microtubules  leads  to  an  increase  in  the  fluidity  of  the  plasma 
membrane  (Aszalos  e£  al . .  19rf5) ,  thereby  leading  to  the  activation 
of  various  enzymes,  including  adenylate  cyclase.  However,  to  date 
no  enzyme  system  that  can  be  activated  by  this  cytoskeletal  rear¬ 
rangement,  has  been  found  to  antagonise  the  action  of  BoNT  B. 

Enzymes  tested  include  adenyl  cyclase,  guanyl  cyclase  and  protein 
kinase  c.  An  explanation  for  the  incomplete  inhibition  of  toxin 
action  by  colchicine  (and  similar  acting  dr«  ..s)  is  that  there  are 
certain  microtubules  that  are  insensitive  to  these  agents  (Gordon- 
Weeks  al . .  1982) ,  and  that  BoNT  B  exerts  its  effect  upon  both 
populations.  In  view  of  these  results,  it  is  pertinent  to  consider 
the  proposed  involvement  of  cytoskeleton  in  the  release  of  transmit*- 
ters  and  hormones  (Lindstedt  and  Kelly,  1987).  The  actln-containing 
elements  are  believed  to  form  a  barrier  which  prevents 
vesicle/granule  fusion  (Cheek  and  Burgoyne,  1986;  l<alkes  ££  al . . 

1986)  whereas  the  tubulin-based  cytoskeleton  may  play  a  role  in  the 
transport  of  vesicles  to  release  sites  (reviewed  by  Walker  and 
Agoston,  1987),  though  no  direct  involvement  of  microtubules  in 
neurotransmitter  release  has  been  documented.  One  speculative 
interpretation  of  the  data  presented  here  is  that  BoNT  B  prevents 
the  normal  detachment  of  synaptic  vesicles  from  microtubules  and, 
hence,  transmitter  release  is  reduced.  Recently,  these  results  with 
type  B  BoNT  have  been  confirmed  on  other  neurotransmittar  terminals 
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and  preliminary  data  indicate  that  the  action  of  TeTX  can  also  be 
antagonised  by  these  microtubule-disrupting  agents,  lending  more 
credence  to  this  hypothesis.  Possibly,  type  A  may  also  act  on 
microtubules  but  only  on  the  colchicine-insensitive  variety.  As 
various  proteins  have  been  suggested  to  be  concerned  with  attaching 
vesicles  to  microtubules,  these  would  seen  likely  candidates  for  the 
toxin's  target.  One  such  protein,  synapsin  I,  can  be  excluded 
because  it  is  absent  from  adrenal  medullaty'  chromaffin  cells  (De 
Camilli  and  Greengard,  1986)  even  though  BoNT  blocks  exocytosis  from 
these  cells  (Stecher  al . .  1989). 

BoNT  increases  phosphorylation  af  a  high  protein  in  nerve  £ermi= 
nals.  In  initial  experiments,  BoNT  B  intoxication  appeared  to 
produce  an  increase  in  the  phosphorylation  of  a  high  Mj.  protein  in 
synaptic  vesicles.  This  radiolaoelled  band  was  very  near  the  top  of 
5-?0\  polyacrylamide  gels  and,  thus,  assigned  a  tentative  of  s280 
kOa.  In  order  to  determine  its  size  more  accurately  and  to  estab¬ 
lish  if  it  is  related  to  any  microtubule-associated  proteins 
(MAPs) ,  3-10%  gradient  gels  and  immunoblotting  techniques  were 
employed.  No  phosphorylated  protein  corresponded  to  those  detected 
by  antibodies  to  MAP-X  or  MAP-2  and,  furthermore,  the  toxin-sensi¬ 
tive  radiolabelled  moiety  appeared  to  have  an  Mj.  of^l&OkDa  in  this 
refined  gel  system.  On  two-dimensional  SiDS-PAGE,  the  labelled 
protein  gave  a  pi  «S.O  (cf.  Fig.  21).  Repetition  of  these  experi¬ 
ments  several  times  indicated  that  the  exact  Amount  of  radiolabelled 
protein  varied  between  experiments, .  suggesting  that  this  phosphory¬ 
lated  component  is  very  labile.  Also,  it  became  apparent  that  BoNT 
A  treatment  of  nerve  terminals  induced  a  change  in  phosphorylation 
of  this  180  kDa  protein,  although  to  a  lessor  extent  than  that 
produced  by  BoNT  B. 
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In  order  to  compare,  under  identical  conditions,  the  phosphory¬ 
lation  of  proteins  of  synaptic  vesicles  with  those  of  intact  synap- 
tcsomes,  the  latter  were  prepared  for  gel  analysis  by  having  their 
phosphorylated  state  'frozen*  using  a  kinase/phosphatase  inhibitor 
cocktail  (see  Experimental  Protocols) .  The  latter  was  found  to 
yield  a  higher  amount  of  phosphate  incorporation  into  proteins 
relative  to  that  seen  upon  stopping  phosphorylation  with  SDS-gel 
sample  buffer  (as  normally  used) .  Under  t,hese  conditions  synapto- 
somes  also  showed  a  180  kOa  protein  with  a  pi  sS.O  whose  phosp¬ 
horylated  state  was  increased  by  BoNT  B  (Fig.  21A)  or  A  (not  shown)  , 
relative  to  non-toxin  treated  control  (Fig.  2’B).  No  phosphorylated 
spot  corresponding  to  this  protein  was  seen  in  toxin-treated  or 
control  cytosol,  reaffirming  that  it  is  a  membraneous  component. 
However,  its  content  is  low  both  in  synaptosomes  (predominantly 
plasma  membranes)  and  vesicles  since  it  was  not  detectable  in  Coo- 
massie  blue  stained  gels  of  samples  of  these  membranes.  Relative  to 
the  total  complement  of  phosphorylated  proteins,  there  appeared  to 
be  a  similar  amount  of  this  radiolabelled  polypeptide  in  each  frac¬ 
tion,  although  these  values  are  very  difficult  to  quantitate.  Thus, 
it  would  appear  that  this  labelled  protein  is  not  particularly 
enriched  in  the  vesicles. 

At  this  moment,  the  two  best  candidates  for  the  Identity  of 
this  protein  are  both  found  associated  with  clathrin-coated  vesicles 
(cevs)  from  neurons.  AP180/AP3  (Able  and  Ungevickell,  1986;  Prasad 
and  Lippoldt,  1988;  Keen  and  Black,  1986)  is  believed  to  be  an 
assembly  peptide  for  clathrin  insertion  into  clathrln-coated  pits 
(CCPs) ;  it  har  virtually  the  exact  sane  pi  and  cs  the  phosphory¬ 
lated  protein  detected  herein.  The  phosphorylation  state  of 
AP180/AP3  (a  major  substrata  of  CCV  kinases)  has  been  speculated  to 
be  involved  in  the  format ion/ regulation  of  CCPs/CCVs  (Morris  fit  al. . 


1990)  .  As  these  are  found  at  the  plasma  membrane,  AP180/AP3  should 
also  reside  therein  if  synonymous  with  our  protein;  to  date,  it  has 
been  detected  in  [^^P] -labelled  intact  neurons  (Keen  and  Black, 

1986) .  Intriguingly,  another  neuronal  specific  protein  associated 
with  CCPs,  NP185  (Kohtz  and  Puszkin,  1988)  is  also  similar  to  our 
speculative  toxin  substrate,  although  its  pi  (a  6.0)  is  slightly 
higher  (a  criteria  Kohtz  and  Puszkin  use  to  state  that  NP185  is  not 
the  same  as  AP180/AP3) .  This  protein  probably  associates  with  other 
subcellular  organelles  since  there  is  an  excess  of  this  over  cla- 
thrin.  An  association  of  NP185  with  tubulin  has  been  shown  (Kohtz 
and  Puszkin,  1989) ,  and  this  cytoskeletal  component  (or  one  of  its 
isoforms)  may  control  the  binding  of  this  protein  to  CCVs. 

It  will  be  very  worthwhile  establishing  if  one  or  more  of  these 
proteins  partake  in  botulinisation,  particularly  since  CCVs  are 
involved  in  endocytosis.  Perhaps,  the  synaptic  vesicles  which 
secrete  much  of  the  neurotransmitter  (the  readily  releasable  pool) 
undergo  many  exocytotic/endocytotic  cycles  (cf.  Trimble  et  al. . 

1991)  and  that  BoNT  prevents  endocytosis  and  therefore  eventually 
exocytosis,  by  changing  the  phosphorylated  state  of  such  a  protein. 
Electron  micrographs  indicate  that  there  is  no  depletion  of  synaptic 
vesicle  number  In  botulinised  preparations,  but  this  could  mean  that 
the  readily  releasable  pool  of  vesicles  (particularly  those  docked 
at  the  active  zone)  represents  only  a  small  fraction  of  the  total 
number  present.  An  alternative  explanation  Is  that,  as  a  conse¬ 
quence  of  BoNT  Inhibiting  exocytosis,  there  is  a  concurrent  reduc¬ 
tion  of  Vesicle  membrane  retrieval  by  endocytosis,  and  it  is  this 
that  leads  to  the  increase  of  the  phosphorylated  protein  ie.  it  is 
simply  a  secondary  effect  of  the  toxin. 


CONCLUSIONS 


n  the  duration  of  this  contract,  all  4  main  objectives  were 
achieved  in  large  part.  Further  to  the  progress  detailed  in  the 
midterm  report,  accomplishments  include: 

(i)  Validating  experimental  protocols  for  measuring  membrane-bound 
ecto-acceptors  responsible  for  productive  recognition  of  BoNT  A  (or 
TeTX)  in  Aolvsia  neurons  and  rodent  motor  nerve  terminals. 

(ii)  Establishing  that  cholinergic  and  non-cholinergic  cells  in  the 
sea-snail  possess  distinct  binding  sites  with  which  H2  (of  types  A 
and  E)  or  ^2  interact,  respectively,  creating  their  characteristic 
susceptibilities  to  BoNT  and  TeTX. 

(iii)  Provision  of  evidence  that  functional  BoNT  A  ectoracceptors  on  i 

rat  phrenic  nerve  membranes  differ  biochemically  from  the  binding 
components  on  synaptosomes ,  previously  described  in  the  literature,  | 

particularly  that  the  former  only  recognises  di-chain  toxin,  whereas 

the  latter  binds  HC.  | 

(iv)  Preparation  of  an  effective  antagonist  of  BoNT,  by  controlled  [ 

reduction  and  alkylation,  that  binds  effectively  at  murine  motor 

nerve  endings  but  is  not  internalized  (at  least  in  Aolvsia;  unpubli¬ 
shed  observations) . 

(V)  Demonstration  that  H2  and  ^2  are  responsible  for  acceptor- 
mediated  uptake  of  LC  (alone  cannot  gain  entry)  from  BoNT  or  TeTX  j 

into  Aolvsia  neurons,  with  neuron  specificity  of  chimeric  mixtures 
being  determined  by  the  respective  fragment  used. 

(vi)  Showing  that  LC  alone  of  BoNT  acts  intracellularly  in  x^utmalian 
motor  nerves  and  PC-12  cells  whilst  HC  (or  by  inference)  is  also 
required  inside  invertebrate  neurons  even  though  LC  of  TeTX  is 
active  in  all  these  systems. 

(vil)  Production  of  anti-LC  monoclonal  antibody  shown  to  neutralise 
intra-neuronal ly  the  inhibitory  action  of  BoNT  A  on  ACh  release  from 
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Aplvsia  neurons. 

(viii)  Exclusion  of  cyclic  nucleotides,  protein  kinase  C  and  ADP- 
ribosyl  transferase  (Ashton  gt  al. .  1988a;  Ashton  gt  al . .  1990)  in 
the  toxin's  action  though  small  G-proteins  of  unknown  function  were 
found  on  purified  synaptic  vesicles  (see  midterm  report;  Matsuoka 
and  Dolly,  1990) . 

(ix)  Discovering  that  disassemtly  of  synaptosomal  microtubules  with 
several  drugs  antagonises  the  inhibition  by  BoNT  B  of  transmitter 
release  (but  not  A) ,  whereas  this  effect  is  counteracted  by  stabili¬ 
sation  of  this  cytoskeletal  component  with  taxol. 

(X)  Observing  a  high  Mj.  synaptosomal  protein  whose  phosphorylation 
is  increa(sed  during  intoxication  with  BoNT. 

Implications  of  these  numerous  findings  for  future  research 

are: 

(a)  Having  conclusively  documented  the  triphasic  intoxication  proc¬ 
ess,  and  largely  identified  the  toxin  chain  or  domains  responsible 
for  each  step,  development  of  antagonists  for  the  latter  has  now 
become  a  reality.  Progress  towards  this  end  will  be  greatly  facili¬ 
tated  by  the  various  experimental  strategies  already  devised  to 
study  independently  each  phase  of  the  poisoning. 

(b)  Having  found  an  antagonist  (reduced/alkylated  BoNT)  that  binds 
to  functional  acceptors  at  mammalian  neuromuscular  junctions,  but 
seems  unable'to  efficiently  enter  the  nerve  terminal,  provides  an 
invaluable  tool  for  future  studies.  For  example,  it  can  be  used  in 
functional  competition  experiments  to  ascertain  if  the  various  types 
of  BoNT  truly  Interact  with  distinct  'productive'  ecto-acceptors ;  a 
question  very  pertinent  to  many  facets  of  the  toxin  research  pro¬ 
gramme.  Addditionally,  this  novel  probe  will  enable  the  physiologi¬ 
cal  role  of  BoNT  acceptors  to  be  assessed  by  allowing. the  effect  of 
their  occupancy  (without  the  associated  pronounced  toxicity  of 


native  BoNT)  to  be  measured  in  various  neuronal  preparations,  as 
proposed  for  the  new  contract.  Such  an  approach  may,  also,  yield 
some  insight  into  the  endogenous  ligands  for  these  acceptors. 

Finally,  a  possible  longer-term  application  of  the  r  luced/alJcylated 
derivative  could  be  its  development  as  an  antagonist  for  cllncial 
evaluation;  this  would  entail  modifying  selected  residues  in  the  LC 
portion  that  are  essential  for  intracellular  action,  thereby  exclud¬ 
ing  any  coxicity  even  if  some  of  the  material  became  internalized 
via  a  non-specific  route. 

(c)  A  valuable  outcome  of  these  studies  in  Aolvsia  is  that  the 
structural  restrictions  of  the  neuronal ' uptake  system  for  BoNT  seems 
less  rigid  than  suspected  since  HC  or  H2L  can  enter  alone  or  they 
can  take  in  LC;  also,  H2  is  able  to  internalize  the  LC.  ,  Similar 
results  were  seen  with  the  corresponding  chain/fragments  of  TeTX 
and,  more  import' ntly,  chimeric  mixtures  of  LC  and  HC  or  H2/H2 
yielded  toxicity  with  the  neuronal  specificity  being  determined  by 
the  requisite  N-terrainal  portion  of  HC  used.  Although  the  uptake 
system  at  mouse  motor  nerves  exhibits  more  stringent  structural 
requirements,  the  above-mentioned  findings  highlight  the  possible 
scope  for  altering  LC  or  attaching  adducts  (eg.  antibody  FAB  frag¬ 
ments)  without  loss  of  internalization;  indeed,  as  a  consequence  of 
the  Aolvsia  experiments,  HC  of  BoNT,  has  been  used  in  conjunction 
with  LC  of  TeTX  to  achieve  a  more  effective  block  of  neuromuscular 
transmission  by  the  latter,  albeit  with  a  potency  lower  than  that  of 
native  BoNT  (Weller  ££  al . .  1991) .  Collectively,  this  pattern  of 
results  strengthens  the  highly  sought-after  prospect  for  neuronal 
targetting  of  BoNT-neutralising  antibodies,  or  indeed  other  thera¬ 
peutic  agents. 

(d)  Availability  of  a  monoclonal  anti-ix:  antibody  capable  of  neutra¬ 
lising  the  neuroparalytic  action  of  relatively  high  amounts  of  BoNT 


A,  internalized  in  the  normal  way  (ie.  recognised  after  any  changes 
that  occurred  upon  uptake) ,  together  with  the  progress  noted  in  (c) 
raises  the  likelihood  of  accomplishing  in  the  future  an  effective 
treatment  for  botulism. 

(e)  Steady  progress  with  pinpointing  the  target  for  BoNT  B  is  en¬ 
couraging,  particularly  the  in'olvement  of  microtubule-based  cyto- 
skeleton,  together  with  the  initial  characterization  of  a  large, 
synaptosomal  protein  that  becomes  phosphorylated  during  the  intoxi¬ 
cation.  Further  pursuit  of  such  investigations,  as  well  as  studies 
on  the  substrate  for  type  A  (as  proposed  in  the  new  contract) ,  are 
of  the  greatest  importance  because  of  the  vital  part  played  by  these 
ubiquitous  components  in  Ca^ "'’-dependent  release  of  transmitters  in 
all  systems  tested. 
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Fig.  1.  Xbfi  effect  s£  intact.  g^eplisaUy  Bogifieij.  mi  fracnaents  of 
BoHT  type  A  upon  neuromuscular  transmission  gf  mouse  phrenic 
nerve  heai-diaphracna  preparation.  Muscle  twitch,  evoked  by  stimu¬ 
lating  the  phrenic  nerve  (0.2  Hz  square  waves  of  0.1  ms  duration  and 
1.5V  amplitude),  was  recorded  by  means  of  a  transducer.  In  A,  B  and 
D,  HjL  (.A),  HC  (•),  LC  (0)  or  reduced/alkylated  (R/A)  BoNT  (<> ) 
were  found  to  be  without  effect.  An  equi-molar  mixture  of  both 
chains  (B,Jk)  gave  a  blockade  equivalent  to  that  seen  with  a  300- 
fold  lower  concentration  of  BoNT  (B,0).  Alkylated,  but  not  re¬ 
duced  BoNT  (D,A)  proved  to  be  as  active  as  the  native  toxin  (D,  0). 
In  A,  C  and  D,  the  tissues  were  preincubated  at  4*C  in  the  absence 
(open  symbols)  or  presence  of  H2L  (A,  •) ,  HC  (C,  ■,  •)  or 
reduced/alkylated  BoNT  (D,  •)  for  30  min  in  a  buffer  (containing  0.5 
mM  Ca^'*'  and  5  niM  Mg^'*’)  designed  to  minimize  their  internalization. 
After  simultaneous  incubation  with  0.3  nM  BoNT  for  15  min  (A,  C)  or 
30  min  (C)  or  with  0.2  nM  BoNT  for  15  min  (D) ,  the  hemi-diaphragms 
were  washed  extensively  in  the  latter  buffer  and  then  in  normal 
physiological  medium  before  raising  the  temperature  to  24 *C,  initi¬ 
ating  stimulation  and  monitoring  the  muscle  tension.  Adapted  from 
Poulain  fit  ai. .  (1989b);  Maisey  fit  al. .  (1988)  and  Dolly  fit  al. . 
(1991). 

rig.  2.  iptfiragJtign  si  ^^^i-bont  and  iiilrHali  Sfi-tli  gPMsg  miss: 

nerve  terminalr .  Purified  BoNT  and  HjL  were  radioiodinated  to  high 
specific  radioactivity  (1000-1700  Ci/mmol)  and  assessed  for  their 
ability  to  bind  saturably  to  mouse  phrenic  nerve  hemi-dia^hragm 
preparations.  Following  incubation  of  the  tissues  with  the  labelled 
derivative  (see  below),  longitudinal  sections  (10  ftm)  were  cut  and 
stained  for  ACh  esterase  to  reveal  motor  endplates.  Subsequently, 
standard  autoradiographic  techniques  were  used  to  visualise  the 
radioactive  labelling.  A  and  0,  sections  treated  with  1  nM 
BoNT  A  in  the  absence  (A)  or  presence  (B)  of  1  sM  unlabelled  BoNT  A 
for  90  min  at  22 ’C  followed  by  extensive  washing.  Note  the  heavy, 
clustering  of  silver  grains  (in  A)  localised  on  the  motor  endplates 
(arrow)  which  was  prevented  by  an  excess  of  the  unlabelled  toxin 
(B) .  C,  sample  labelled  with  1  nM  ^^^I-H2L, as  in  A.  The  absence  of 
silver  grains  on  the  motor  endplates,  shows  the  inability  of  this 
fragment  to  recognise  the  toxin's  acceptors.  D,  a  control  specimen 
hot  treated  with  radioactivity  but  showing  Ath  esterase  stained 
endplates.  Taken  from  Poulain  fit  al .  (1989b). 

Fig.  3.  Reduction  si  Dativfi  fislil  A  find  Ifil^  Hith  DUX  ST  thioredox- 
in/thioredoxin  gfidgctase^  The  reduction  of  inter-chain  disulphide 
was  determined  by  running  the  samples  on  SDS-PAGE  (under  non-reduc¬ 
ing  conditions)  ,  staining  the  gel  with  Coomassic  blue,  and  quanti¬ 
tating  the  amount  of  intact  toxin  relative  to  separated  chains  by 
densitometric  scanning  of  the  gel  tracks.  (A)  BoNT  A  was  reduced 
with  OTT  and  the  reaction  stopped  by  adding  excess  iodoacetamide: 

(B)  0.2  mM  NADPH  and  2  thioredoxln  in  100  mM  sodium  phosphate/lmH 
EOTA  buffer,  ph  7.5  was  added  to  0.5  mg/ml  TeTX  or  BoNT  maintained 
at  4*C.  After  adddition  of  0.1  thioredoxin  reductase,  the  tem¬ 
perature  was  raised  to  30’C.  After  60  min  the  reaction  was  stopped 
with  0.5  mM  iodoacetamide.  Note  that  the  Inter-nhain  disulphide  of 
BoNT  is  virtually  unaffected  whilst  that  of  TeTX  is  reduced. 


44 


Fig.  4.  Rglativg  Bgfeeggigs  fif  Batn  aud  TeTX  ia  blocking  transmitter 
ISleas^  aB  gtxglinergig  and  non-cholineraic  synapses  al  Aplysia  when 
applied  extra-  aod  intra-neur.PJialiy.t  m  a  and  h,  BoNT  or  TeTX  was 
either  bath  applied  (A)  to  the  buccal  ganglion  for  30  ain  or  air- 
pressure  injected  into  the  presynaptic  cell  body  (B) .  In  each  case, 
the  time  taken  for  a  50%  reduction  in  neurally-evoked  ACh  releash 
was  detenalned  (by  recording  the  amplitude  of  the  postsynaptic 
response)  and  plotted  against  the  extracellular  concentration  of 
toxin  (A)  or  the  calculated  intra-soaatic  concentration  (B) .  An 
equivalent  set  of  measurements  of  non-cholinergic  transmission  was 
made  (C,D)  using  the  cerebral  ganglion  after  bath  application  (C)  o£ 
either  toxin  fpr  the  time  shown  (hatched  area)  or  following  intra¬ 
neuronal  administration  (D)  of  each  (arrow).  In  these  experiments, 
the  tine  courses  of  blockade  of  transmitter  release  were  monitored 
and  the  average  points  plotted,  after  making  allowance  for  the 
extent  of  run-down  of  the  postsynaptic  response  seen  in  control 
samples.  A,B  adapted  from  Poulain  al .  (1991a)  and  C,D  from  Dolly 
(1991). 

Fig.'  5.  £££££t  gl  gggUng  And  USl^  li2L  gc  ii2  gQ  £lis  inhlfeltlgp  g£ 

ngargnal  cglgasg  indgggd  bx  BgWT  A  gr  S  JLn  Aplysia  pggrgnsj. 

In  all  experiments,  the  amplitude  of  postsynaptic  responses  elicited 
by  a  presynaptic  action  potential  was  measured.  Control  values  were 
recorded  at  22 *C,  and  the  preparation  was  then  cooled  to  lO'C  for 
the  time  identified  by  arrows  (A) .  After  stabilisation  of  postsyn¬ 
aptic  responses  at  a  reduced  level,  BoNT  A  (10  nM)  was  bath-applied 
(horizontal  lines) ,  producing  no  effect  during  the  subsequent  2h 
period.  On  restoring  the  temperature  to  22 *C,  a  rapid  decrease  of 
response  amplitude  ensued,  indicating  a  blockade  of  synaptic  trans¬ 
mission.  (B)  shows  the  same  experiment  as  in  (A)  «xcept  that,  after 
10  min  of  application  (short  horizontal  lines),  BoNT  A  (•)  or  E  (o) 
(10  nM  at  10*0  was  removed  by  washing  for  45  ain.  Upon  re-equili- 
bration  at  22 *C,  there  was  a  decrease  in  response  amplitude.  Using 
the  ability  shown  in  (A)  and  (B)  of  reduced  temperature  to  arrest 
BoNT  poisoning  at  the  membrane  binding  step,  the  ability  of  HC,  H2I' 
or  H2  to  compete  for  interaction  with  membrane  ecto-acceptors  was 
assessed.  200  nM  HC,  H2L  or  (C,  D  or  E)  was  added  to  the  bath 
(hatched  area)  for  30  mtn;  BonT  A  (10  nM)  was  then  bath-applied  for 
10  min  (horizontal  lines) ,  followed  by  extensive  washing.  In  a 
similar  experiment  (F) ,  was  also  found  to  counteract  the  reduc¬ 
tion  of  ACh  release  normally  caused  by  nicked  BoNT  E  (10  nM). 

Adapted  from  Poulain  al.  (1989b). 

Fig.  6.  EadUgtiOD  gl  tiA  gfllgagg  Ixgn  permeabilised  ££12  cells  bX 
BoNT  its  chains.  Cells  were  loaded  with  [''HjNA,  washed,  treated 
with  digitonin  and  then  incubated  with  toxin  or  its  various  frag¬ 
ments.  Release  of  (^H]NA  was  then  evoked  with  10  (M  free  Ca^'*',  and 
Ca^^-dependent  secretion  determined  after'  subtraction  of  release  in 
the  absence  of  this  cation.  The  results  are  expressed  as  a  %  of  the 
noh-toxin  treated  control.  (A)  Dose-dependence  of  the  inhibition  by 
BoNT  A  (0)  or  its  LC  (0).  (B)  The  effect  of  DTT  on  the  inhibitory 

action  of  BoNT  and  the  influence  of  HC  on  the  potency  of  tC.  Adapt¬ 
ed  from  Mclnnes  and  Dolly  (1990). 

Fig.  7.  Inability  gX  Intemallv-applied  X£  or  U2L  ta  block  bSti 
release  XxgB  Aplysia  neurons  unless  ii£  al  BoNT  tout  nal  TeTX)  jot 
present.  ACh  release  was  evoked  in  the  buccal  ganglion  by  a  presyn- 
aptic  action  potential  and  the  postsynaptic  response  that  ensued 
recorded  as  a  percentage  of  the  control  against  time.  (A)  The  LC 
from  HjL  (at  a  calculated  Intracellular  concentration  of  *20  itfl)  was 
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Injected  (arrow)  into  the  presynaptlc  neuron  without  aodification  of 
ACh  release.  A  decrease  in  ACh  release  was  observed  only  upon 
addition  to  the  bath  (hatched  area)  of  the  HC  (40  nM) .  (B)  Intra* 
cellular  injection  (arrow)  of  into  the  presynaptlc  cell  (calcu¬ 
lated  intracellular  concentration  >10  nM)  did  not  change  evoked  ACh 
release.  Subsequent  addition  to  the  bath  (hatched  area)  of  the  HC 
(40  nM) ,  which  enters  the  cell,  inhibited  transaission.  Inserts 
represent  recordings  of  action  potentials  and  postsynaptic  responses 
(upp>er  of  each  insert)  Ih  40  ain  after  injection  of  and  2h  after 
bath  addition  of  the  HC  (right  hand  side) ;  note  that  in  the  latter 
the  postsynaptic  response  is  decreased  whilst  the  presynaptlc  action 
potentials  reaains  unchanged.  Calibration:  vertical,  475  nS  (re¬ 
sponse)  and  50  aV  (action  potential);  horizontal,  100  as.  (C)  A 
combination  of  HC  of  TeTX  and  LC  of  BoNT  injected  intra-neuronally 
(each  at  a  final  intracellular  concentration  nM)  failed  to 
induce. a  blockade  of  ACh  release.  A,B  adapted  froa  Poulain  et ■ al . 
1989a;  C  froa  Poulain  st  al.  (1991a). 


Fig.  8.  Dissimilar  domains  q£  BoNT  &  TeTX  axis  responsible  for 
UiAir  iatrAsellulAf  inhibition  al  trangaitter  rslsasg  at  a  nanz 
cholinergic  svnapse.  After  control  recordings  were  aade,  evoked 
postsynaptic  responses  were  monitored  following  the  intracellular 
injection  of  LC.re  ^Bb'  at  a  final  calculated  intra-soaatic 

concentration  or  aioo  nM  (A) ,  or  of  an  equimolar  mixture  of  HCg^  and 
IXgo  (intra-soaatic  concentration  of  »20  nM)  (B) .  Taken  froa  Pou¬ 
lain  fii  al. .  (1991a). 


Fig.  9.  Iatracell.uiar  effoots  s£  isolated  chains  si  TeTX^  After 
control  recordings,  HC  or  LC  of  TeTX  were  injected  into  a  presynap- 
tic  cholinergic  neurone  (arrow.,  final  intracellular  concentration 
a200  nM) .  A  rapid  decrease  in  postsynaptic  response  ensued  injec¬ 
tion  of  LC  but  not  HC.  Recordings  of  the  action  potential  and  of 
postsynaptic  response  (upper  of  each  recording)  are  shown  at  the 
tiaes  indicated.  Note  that  whilst  postsynaptic  response  was  sup¬ 
pressed,  no  change  in  action  potential  was  detectable.  Calibra¬ 
tions:  vertical,  300  ns  (response)  and  40  aV  (action  potential); 
horizontal,  65  as.  Taken  froa  Poulain  at  al. :  (1990). 


Fig.  10.  Sal  nitration  ai  I£  and  ti£  al  bont  encapsulated  in  &r 
associated  with  liposomes.  Liposomes  prepared  as  described  in 
Experimental  Protocols,  together  with  proteins  and  radioiodinated 
tracers,  were  loaded  onto  a  Sephacryl  S200  HR  column  and  eluted  at  a 
Flow  rate  of  1  al/ain;  1.5  al  fractions  were  collected.  The  lipo- 
soae  and  protein  peaks  were  detected  by  deteraining  the  absorbance 
at  600  na  and  radioactivity  of  each  fraction.  (A,C),  elution  of 
preforaed  liposoaes  that  were  incubated  for  30  ain  at  4'C  with  LC 
(A)  or  HC  (C)  prior  to  application  to  the  coluan.  (B,D),  elution  of 
liposoaes  containing  LC  (B)  or  HC  (0)  prepared  by  sonication  of  the 
lipids  in  the  presence  of  the. chains.  Adapted  froa  do  Paiva  and 
Dolly  (1990). 


Pig.  11.  Ziitst  al  control  liposoaes  and  bhaofi  containing  fioiiX  us 
sc  fin  neuroauscular  transaission.  Liposoaes  in  aerated  Krebs 
solution  were  bath  applied  to  mouse  phrenic  nerve-heaidiaphraga 
preparations  which  were  superfused  at  37 *C  and  stiaulatad  supra- 
aaxiaally.  Nerve-evoked  Muscle  tension,  expressed  as  a  %  of  the 
initial  valve  was  aeasured  against  tiae..  Control  liposoaes,  lacking 
protein  (A,0)  failed  to  produce  any  change  as  did  liposoaes  entrap¬ 
ping  HC  (B,ej.  Liposoaes  encapsulating  LC  at  final  concentrations 
of  20  nM  *15  nM  (q)  and  *9  nM  (0)  decreased  auscla  tension. 
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In  B,  preparations  of  liposones  containing  !£  were  halved  and  sieul- 
taneously  bath  applied  to  nerve-diaphrage  preparations  with  either  a 
three-fold  excess  of  liposoae  entrapped  HC  (# )  or  liposomes  con¬ 
taining  no  protein  (A).  The  data  presented  for  the  !£  and  HC 
liposomes  were  obtained  With  different  chain  preparation'!.  X  is 
adapted  from  de  Paiva  and  Dolly  (1990). 

Pig.  12.  Titration  garvaa  Isc  HOnoclonal  and  POlvclonal  antibodieg 
Is  BoHT  A  LS  as  detennined  ]2y  ELISA.  Purifie'^  toxins  (500  ng) ,  and 
LC  or  HC  (100  ng) ,  were  coated  onto  wells  of  mierbtitre  plates 
(Immulon  IV)  and  ELISA  performed  with  varying  dilutions  of  rabbit 
polyclonal  and  mouse  monoclonal  antibodies.  Reaction  of  BoKT;^  (0) 
and  LCj^  (t)  with  the  monoclonal:  BoNTm  (A)  and  LCj^  (▲  )  titres  with 
rabbit  polyclonal  antibodies.  (Q),  Lac)c  of  crosis-reactivity  of 
HC»,  HCg,  subtypes  B,  E  or  F  with  both  the  monoclonal  and  polyclonal 
antibodies.  Note  that  with  all  of  the  latter  no  cross-reactivity 
was  seen,  even  though  2.5  ug  of  toxin  was  used. 

Fig.  13.  Spocificity  iBonsclonal  and  polyclonal  antibodios  ipc 

Botrr  A  LC.  (A)  Silver-stained  SDS-PAGE  of  samples  of  BoNT  types  A, 

B,  E,  P  and  TeTX  (0.5  iig  protein/trac)c) .  (B)  An  equivalent  gel  was 

blotted  onto  nitrocellulose  and  probed  with  the  purified  anti-LC  A 
monoclonal  antibody,  followed  by  detection  with  a  second  antibody- 
alkaline  phosphatase  conjugate.  (C)  SDS-PAGE  and  immunoblot  of  BoNT 
A  and  LC  (tracks  1,  2  and  3,  4  respectively)  visualised  by  silver 
stain  (tracks  l  and  3)  or  anti-wC  rabbit  polyclonal  antibody  (1:500 
dilution)  as  described  above  (tracks  2  and  4) . 

Pig.  14.  A  Bang, Sign aptibady  La  LS  al  BaET  A  neutralissa  inbear 
neuronallv  iiifl  toxin’s  inhibition  at  ASA  release.  Supernatant  of 
the  hybridoma  (G5)  was  air-pressure  injected  into  the  cell  body  of  a 
presynaptic  neuron  in  the  buccal  ganglion  of  Aolvsia  whilst  into  a 
second  cell,  that  synapses  onto  the  same  postsynaptic  neuron  as  the 
latter,  an  equivalent  sample  from  an  unrelated  hybridoma  was  admin¬ 
istered  similarly.  Evoked  release  of  transmitter  was  quantified  by 
recording  the  postsynaptic  response,  as  detailed  elsewhere.  Neither 
injection  caused  any  change  in  ACh  release  but  when  15  nM  BoNT  A  was 
bath-applied  the  previously-administered  monoclonal  antibody  pre¬ 
vented  the  subsequent  inhibition  of  neurotransmission  (open  squares) 
induced  by  toxin  in  the  control  neuron  (closed  squares) . 

Pig.  15.  gfftcb  Dl  gggugntlai  application  &£  liCa.  1£  SX.  fragments  szl 
fisJfZ  fin  ACA  X&lSiSi  In  Aplysia  neurons.  In  all  experiments,  ACh 
release  was  evoked  in  the  buccal  ganglion  of  Aolvsia  by  a  presynap¬ 
tic  action  potential  and  amplitude  of  the  responses  was  recorded  in 
the  postsynaptic  voltage-clamped  neuron.  These  were  expressed  as  a 
percentage  of  the  control  values  and  plotted  as  a  function  of  tins. 
(A)  HC  of  BoNT  A  was  Injected  (arrow)  into  the  neuron  followed  by 
bath  application  of  100  nN  LC  of  BoNT  A  (hatched  area) .  (B)  HC  of 

BoNT  B  (40  nM,  first  hatched  area)  was  bath  applied  for  Ih  and  this 
was  without  effect  on  release.  After  free  HC  was  removed  by  exten¬ 
sive  washing  (75  min),  the  addition  of  LC  of  type  B  (40  nN,  second 
hatched  area)  to  the  bath  resulted  in  a  blockade  of  release.  (C) 
Successive  application  of  LC  type  A  (10  nM,  first  hatched  arsa)  and 
of  HC  type  B  (10  nM,  second  hatched  area)  into  the  extracellular 
medium  induced  an  irreversible  decrease  in  ACh  release.  (D)  Bath 
application  of  LC  of  BoNT  A  (first  hatched  area)  followed,  after 
extensive  washing,  by  addition  to  the  bath  of  HC  did  not  affect  the 
response.  (E)  Addition  of  40  nM  H2L  to  the  bath  (hatched  area) 
which,  alone,  did  not  affect  ACh  release  (see  neuron  o)  induced  a 
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decrease  in  ACh  release  when  the  presynaptic  neuron  (•)  had  been  ^ 
pre-injected  with  HC  (arrow,  calculated  intracellular  concentration 
>10  nM.  (P)  Changes  in  the  postsynaptic  response  resulting  fron  the 
presynaptic  stieulation  of  a  neuron  (•)  injected  witli  HC  (arrow. 
Intracellular  concentration  «(10  nM)  were  compared  with  those  of  a 
second,  non-injected  (o)  presynaptic  cell,  afferent  to  the  same 
postsynaptic  neuron.  After  bath  application  of  LC  (40  rJ>l^  hatched 
area) ,  addition  to  the  bath  (dashed  area)  of  M2  (40  nM)  induced  a 
depression  of  neurotransmitter  release  only  in  the  cell  injected 
with  HC.  A,0  ta]cen  fron  Poulain  fij;  al .  (1990);  B,C  adapted  from 
Maisey  al .  (1988)  and  E,F,  are  from  Poulain  al.  (1989a). 


Fig.  16.  Effects  sti.  hybrid  mixtures  ihs.  Chfling  aM  fragments 
Bo^  and  TeTX  on  neurotransmitter  release  at  cholinergic  and  non- 
cholinergic  synapses  in  Aplysia.  These  experiments  were  performed 
as  outlined  in  Fig.  4  except  mixtures  of  the  individually  renatured 
HC  and  LC  of  the  two  separate  toxins  (A,B),  and  combinations  of  the 
two  toxin's  chains  (C,D)  or  fragments  therefrom  (E,F)  were  bath 
applied  (hatched  area) .  In  (0)  and  (F) ,  HC  of  BoNT  was  injected 
intra-neuronally.  Note  that  HC  or  H2  of  BoNT  made  LC  of  TeTX  more 
effective  in  blocking  ACh  release  (C) ;  similarly,  HC  or  B2  of  TeTX 
made  LC  of  BoNT  (when  HC  of  BoNT  was  present  inside)  more  effective 
in  ncn-cholinergic  cells  (D).  Adapted  from  Poulain  al .  (1991a) 
and  Dolly  (1991). 


Pig.  17.  Ills  inriv9n.g.s  fil  Aimz  aiod  BbQihQl  axiistite  acatats  sta 
&2gl-indi|ggd  inhibitipq  si  Ca^  -dependent  K'^-evp)ted  isisass 
of  f  ~*H1NA  from  svnaptosomes .  Samples  were  incubated  at  37 'C  for  90 
min  in  the  absence  (0,  e)  or  presence  of  BoNT  A  (Q  ,  ■  ,  O'  >  ^ 

B  (  A  ,▲  >  V  ,  ▼  ),  washed  and  transmitter  release  measured  over  a 
5  min  period  following  the  addition  of  buffer  containing  25  mM  K* 
(final  concentration).  In  A  and  B,  200  nM  BoNT  was  employed.  A, 
(^H]NA  release  observed  with  different  concentrations  (  o  ,  □  ,^) 

or  the  latter  plus  30  fiM  A23187  (  •  r  H  r  ^ )  dissolved  in  dimeth- 
ylfomamide:  ethanol  (3:1  (v/v);  an  equivalent  amount  of  the  solvent 
was  included  in  all  samples.  B,  Transmitter  efflux  seen  with  1.2  mM 
Ca^  plus  various  concentrations  of  A23187  in  the  absence  (B)  or 
presence  of  ^NT  A  (■ )  or  B  (A  ) •  Note  that  batches  of  A23187 
varied  in  their  potency;  for  example,  when  another  lot  was  dissolved 
in  dimethylsulf oxide,  1-10  gave  a  similar  effect  to  those  shown. 

As  the  ionophore  did  not  increase  the  amount  of  lactate  dehydroge¬ 
nase  present  in  the  supernatant  of  treated  synaptosomes ,  its  effects 
are  not  attributable  to  Ca^"^ -dependent  lysis.  In  C,  D,  various  BoNT 
concentrations  were  employed  with  (^,V)  without  U^,W)  8  6  min 
treatment  with  1  phorbol  myristate  acetate,  before  release  was 
stimulated.  The  resultant  values  in  C  and  0  are  expressed  relative 
to  that  for  the  non-toxin  treated  control.  Taken  from  Dolly  al . 
(1990). 


Pig.  18.  Increasing  jntra-svnaptQsomal  Ifiysis  s£  cyclic  nuglep- 
doe*  DOi  alter  tlifi  dfi&s  dependency  q£  ^  blg.cXadB  gl  trans¬ 


mitter  release  by  BoNT  A  cc  Synaptosomes  were  incubated  for  30 
min  at  37*c  in  buffer  alone  (K  )  end  with  1  mM  isobutylmethylxan- 


thine  (IBMX)  plus  0.1  mM  S-bromo  c-GMP  (A,0)  or  1  mM  IBMX  plus  1  mM 


db-cAMP  (B,n )  before  incubation  with  BoNT  B  for  90  min  at  37’C. 
After  washing,  X'^-eyoked  (^H]NA  release  was  then  measured  over  a  S 
sin  period.  In  another  series  of  experiments,  synaptosomes  were 
incubated  for  90  min  at  37 *C  in  the  absence  (control)  or  presence  of 


BoNT  B  (C)  or  A  (0)  prior  to  incxibation  for  15  min  at  2S*C  with  0.1 
mM  8-bromo  c-CMP  (C,  •  )  or  1  mM  nitropnisside  (0,A  )  or  buffer  alone 
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i 


(S)i  followed  by  stimulation  of  release.  The  amounts  of  Ca^'*'- 
independent  [^M]NA  efflux  observed  have  been  subtracted  from  the 
total;  the  resultant  values  are  expressed  relative  to  that  for  the 
non-toxin  treated  control.  Data  shown  represent  the  aean  of  2 
independent  experiments;  error  bars  show  the  range.  Prom  Ashton  and 
Dolly  (1991) . 

Fig.  19.  Microtubtiie  dig3<?giatin<3-aagntg  antaggntse  inhibitory 
action  af  BoWT  B  Xfeyi  nat  Ai  fin  gail.rdepfiDSifint  K  --evo)ced  f*H1NA 
release  from  synaptosoaes  Rat  cerebrocortical  synaptosomes  were 
incubated  at  37’C  for  30  min  with  1  mM  colchicine  (A,B),  10  ng/ml 
nocodazole  (C,D)  oi  200  Mg/nl  griseofuivin  (E) .  Various  concentra¬ 
tions  of  BoNT  were  then  added  and  incubation  continued  for  90  min. 
Control  samples  were  treated  similarly  except  for  the  omission  of 
the  microtubule  drugs  (■).  Syijaptosomes  were  subsequently  washed 
and  Ca^'*‘-dependent,  K'*’-evoked  [■'H]NA  release  was  measured  over  a  5 
min  period.  The  observed  amounts  of  Ca^'*’-independent  [^H]NA  efflux 
have  been  subtracted  from  the  total:  .resultant  values  are  expressed 
relative  to  that  for  the  non-toxin  treated  control.  The  values 
presented  for  release  are  the  mean  for  3  (i  SD)  (B) ,  or  2  (±  range) 
for  (C,D,E,F).  For  A  the  number  of  independent  experiments  for  each 
value  is  indicated  by  the  number  shown;  the  significance  of  differ-, 
ence  between  colchicine-treated  and  non-treated  samples  is  indicated 
by  asterisks  above'  the  paired  points  (*,  10%;  **,  5%;  ***,  2%;  ****, 
1%) .  From  Dolly  (1991)  adapted  from  Ashton  and  Dolly  (1991). 

Fig.  20.  Antagonism  by  colchicine  af  BoHT  B-induced  blq.ckadj»  gf  HA 
release  and  its  reversal  by  taxol .  In  (A)  synaptosomes  were  incu¬ 
bated  at  37*C  for  30  min  with  (#)  or  without  ( 11  )  1  mM  colchicine 
prior  to  incubation  with  BoNT  B  for  90  min.  In  the  presence  of 
colchicine,  the  samples  were  washed  and  NA  release  quantified  The 
continued  presence  of  colchicine  reduced  the  Ca^'*’-dependent  K'*’- 
evoked  release  of  NA  from  8.3tl.2  to  4.5f0.1%  of  the  total  Content- 
Results  are  the  mean  (±  S.D.)  for  3  experiments.  In  (B) ,  synapto¬ 
somes  were  pretreated  at  37 ’C  with  10  taxol  for  60  min,  then 
simultaneously  with  1  mM  colchicine  for  an  additional  30  min  before 
simultaneous  exposure  to  BoNT  B  for  90  min.  The  synaptosomes  were 
then  washed  and  release  measured  in  the  presence  of  10  /iH  taxol  (A) 

;  controls  were  treated  with  colchicine  alone  (•)  or  BoNT  B  alone 
(  ) .  The  number  of  independent  experiments  for  each  value  is 

indicated  by  the  value  shown,  and  the  significance  of  differrende 
between  taxol/colchicine-treated  synaptosomes  and  those  treated  with 
colchicine  alone  is  indicated  by  asterisks  above  the  paired  points 
(*,  lO^lt  Note  that  the  presence  of  taxol  had  no  measurable  effect 
upon  Ca^'^'-dependent  K'^’-evoked  NA  release.  From  Dolly  al.  (1991). 

fig.  21.  Selective  ph<??ph9rYlfl^l<?n  ^  a  Jargs  p.rgt.gln  Irea  nerxs 
tarainala  alter  intoxication  jfitil  BfiHIi.  Rat  cerebrocortical  synap- 
tosomes  were  incubated  with  [''^P]-Pl  and  either  with  360  nM  BoNT  B 
(A)  or  without  toxin  (B)  for  90  min  at  37’C.  After  washing,  the 
samples  were  exposed  to  1.2  raN  Ca^*^  for  30b  prior  to  cessation  of 
phosphorylation  by  the  addition  of  a  cocktail  of  inhibitors  of 
kinases/phosphatases.  Samples  were  then  prepared  for  and  analysed 
by  2D-PAGE  employing  3-10%  gradient  gels  in  the  second  dimension. 
This  figure  represents  the  resultant  autoradiograms  prepared  from 
the  2D  gels.  The  relevant  pH  range  is  indicated  on  horizontal  axirs, 
and  the  position  of  M-  protein  standards  are  indicated  by  lines  on 
the  vertical  akis.  These  markers  in  ascending  order  [M_  (kDa) ] 
were:  20,  soybean  trypsin  inhibitor;  24,  trypsinogen;  29,  carbonic 
anhydrase;  36,  gIyceraldehyda-3-phosphate  dehydrogenase;  45,  ovaibu- 
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min;  66,  bovine  serum  albumin;  97,  phosphorylase  b 
tosidase;  160,  macroglobulin.  The  position  of  the 
protein  is  indicated  by  an  arrowhead  (Mj.  »180  kDa) 
*5.0). 


116,  ^-galac- 
BpNT  sensitive 
and  arrows  (pi 


Table.  I.  Biochemical  propertitl  fi£  *'^'*I-BoKT  &  biDdiag  aitea  ia  detergent 
eolubilised  m  diiphraga  And  cerebrocortical  lynaotoiomea 

The  innervated  region  of  rat  diaphragm  or  preparations  of  rat  cerebrocortical 
synaptosomal  membranes  were  extracted  with  detergent,  immobilized  onto  nitrocel 

lulose  discs,  and  incubated  (for  Ih  at  22  C  in  Krebs  bicarbonate  buffer,  pH  7.4 

125 

containing  1  mg/ml  BSA)  with  1  nM  I-BoNT  A  in  Che  presence  or  absence  of  250 
nM  of  the  unlabelled  neurotoxin  or  fragments  shown  below.  The  values  of  satura 
ble  binding  presented  are  the  mean  of  triplicate  determinations'  SD;  a  qualica 
tively  similar  pattern  of  binding  was  seen  with  two  preparations  of  tissue 
extracts  and  toxin  samples. 


Saturable 

Tissue 

^^^I-BoNT  A  binding 

(fmol/mg/protein) 

Innervated  diaphragm  Synaptosomal  membranes 


Untreated  tissue 

98  ill 

88±3 

Trypsinised* 

0. 2+0.2 

0 

Incubated  with  neuraminidase* 

94±6 

0 

1  nN  ^2®I-BoNT  a  alone 

155+8 

91±3 

*  250  nN:  BoNT  A 

53±4 

29  ±5 

:  HC 

154i4 

3li4 

:  HjL 

148il8 

98il2 

:  H2 

• 

184±4 

84±b 

*k  portion  of  innervated  rat  diaphragm  and  an  aliquot  of  synaptotomes  were 
incubated  at  37  C  for  Ih  with  1  mg/ml  of  trypsin  or  1  unit/ml  of  neuraminidase 
prior  to  detergent  extraction. 
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disutphide  (X) 


Time  for  half  blockade  (min) 


FIGURE  4 


Postsynaptic  Response  Amplitude  (%) 


MUSCLE  TENSION 
(X  of  original) 


figure  12 
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Cholinergic 


Non-cholinergic 
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FIGURE  16 


Ca2+— dep.  KH — evoked  release 
{%  of  control) 


Ca2+-dep.  K+-evoked  release 
{%  of  control) 


Ca2-i--dep.  K+-evoked  release 
{%  of  control) 


